Scholars' Mine
Doctoral Dissertations

Student Theses and Dissertations

Summer 2020

Integrated approach to investigate the wellbore integrity under
downhole conditions
Weicheng Zhang

Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations
Part of the Petroleum Engineering Commons

Department: Geosciences and Geological and Petroleum Engineering
Recommended Citation
Zhang, Weicheng, "Integrated approach to investigate the wellbore integrity under downhole conditions"
(2020). Doctoral Dissertations. 2927.
https://scholarsmine.mst.edu/doctoral_dissertations/2927

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.

INTEGRATED APPROACH TO INVESTIGATE THE WELLBORE INTEGRITY
UNDER DOWNHOLE CONDITIONS
by
WEICHENG ZHANG
A DISSERTATION
Presented to the Graduate Faculty of the
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY
In Partial Fulfillment of the Requirements for the Degree
DOCTOR OF PHILOSOPHY
in
PETROLEUM ENGINEERING
2020

Approved by:
Andreas Eckert, Advisor
Shari Dunn-Norman
Steven Hilgedick
Abdulmohsin Imqam
Dimitri Feys

Copyright © 2020
Weicheng Zhang
All Rights Reserved

iii

ABSTRACT

The integrity of the cement sheath is the key part to maintain zonal isolation and
prevent the inter-zonal communication. Loads arising from multiple stages of wellbore
life span may induce various modes of cement failure within the cement (disking and
radial cracks) and at the cement-casing and the cement-formation interfaces (debonding
fractures). This research utilizes the integrated laboratory and numerical approach to
investigate the cement hardening process, to predict the cement failure under various
loading conditions. An innovative experimental setup is established to measure the
cement pore pressure variation during the hardening process under downhole conditions,
and a staged 3D finite element analysis approach including loads from various operations
is used to establish an in-situ downhole condition and predict the failure occurrence. The
results show that (1) the degree of poro-elastic bulk shrinkage has significant implications
for both shear and tensile failure initiation - the less the cement shrinks, the less likely
the failure initiation is; (2) cement integrity increases with increasing depth; (3) cement
pore pressure evolution has significant implications for tensile failure - if cement pore
pressure decreases more, higher temperature differences can be sustained before an MA
occurs; (4) cement temperature fluctuations during hardening promote the initiation of
debonding failure; and (5) a high cement Young’s modulus promotes the occurrence of
radial cracks. In summary, the results presented indicate that establishing downhole
conditions to quantitatively analyze cement failure is necessary. The knowledge from this
study can raise the awareness of predicting and evaluating cement failure under downhole
conditions and can be used to supplement and improve future laboratory experiments.
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Description

CTij

Total stress tensor
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Total strain tensor
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Pore pressure
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Temperature
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Biot coefficient
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Nodal enriched degree of freedom vector on the fracture interior
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Nodal enriched degree of freedom vector on the fracture tip

(r,0)

Polar coordinate system which origin locates at the fracture tip

1. INTRODUCTION

1.1. BACKGROUND
Wellbore leakage is a severe problem for all kinds of wells including
injection/production wells in the oil industry, geothermal wells, CO2 sequestration wells,
and even water wells. The integrity of the wellbore is critical to maintaining operation
safety, operation efficiency, and environmental friendliness for oil and gas production,
geothermal energy utilization, wastewater injection, and CO2 sequestration. The cement
sheath is the core component of the wellbore system to maintain wellbore integrity and its
failure is the major reason to induce wellbore leakage. In the wellbore system, the major
functions of the cement are to seal the annular between the casing and formation rock,
prevent the inter-zonal fluid migration, and provide additional support and protection for
the casing. During the drilling process, after the casing is installed, the cement slurry is
injected down through the casing and up into the annulus space between the casing and
formation. After a certain period (wait on cement, WOC) the cement slurry hardens and
strengthens until it reaches a certain strength (Nelson and Guillot, 2006) before the
subsequent operations. Loss of zonal isolation and the damage of wellbore integrity can
be induced by cement failure and gas migration channels due to both inappropriate
cementing jobs and improper wellbore operations after the cementing process
(Figure.1.1).
Cement failure includes shear failure and tensile fractures, which include radial
cracks, interface debonding fractures, and disking fractures (Figure 1.2, Nelson and
Guillot, 2006). Gas migration channels are caused by the entry of the formation gas into a
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cemented annulus during cement hardening (Vu et al. 2018). When fractures and gas
migration channels become systematic and hydraulically connected, fluid migration
pathways can be developed along the wellbore and may further induce severe leakage
problems, such as communication between different layers (Crook and Healthman, 1998),
fresh aquifer contamination (Daussault et al. 2014), and reduction in production/injection
efficiency. Technical, environmental, and economical consequences can be induced.
In order to evaluate the occurrence of the cement failure, it is important to understand the
behavior of the cement and quantify the state of stress in the cement during the life cycle
of the wellbore. Cement hardening is a complicated coupled chemo-thermo-mechanical
process and is the key process to determine the occurrence of cement failure. From the
hardening process, the autogenous volume variation (shrinkage) of cement and the fluid
pressure/pore pressure reduction related to the phase change and water consumption can
affect the state of stress significantly and may further induce cement failure (Benz 2008;
Bios et al. 2010, 2012; Lavrov and Tors^ter, 2016).

1.2. RESEARCH OBJECTIVE
The presented work is funded by the CCP Mont Terri CO2 sequestration project
regarding cement failure occurrence under various downhole conditions. The presented
results in this thesis are the combination of multiple publications, including Zhang et al.
(2017), Zhang and Eckert (2018), Zhang et al. (2019), and Zhang and Eckert (2020). The
objective of this study is to present a novel and integrated laboratory and numerical
approach to investigate wellbore integrity during the wellbore lifespan. As the key process,
during which drastic variations occur for the state of stress and mechanical properties of
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the cement, the hardening process is investigated in detail using both the laboratory
experiments and numerical simulation and is integrated in the general and field scale
numerical framework of wellbore simulation. In order to better represent the downhole
conditions and provide accurate and applicable predictions for operators, this study
accounts for major components of downhole conditions in preparing laboratory tests and
collecting inputs for numerical models. The importance of downhole conditions and the
necessity of considering downhole conditions are emphasized in this study and will be
discussed in detail in the Section 2.2, 2.3, and 2.4, which significantly extends the current
knowledge of both laboratory and numerical investigations of wellbore integrity damage
due to cement failure.
The scope of this study comprises the following aspects:
•

Review and summarize the relevant knowledge about the cement hydration
reaction process and the corresponding evolution of material properties and the
state of stress during cement hardening.

•

Review the current laboratory studies about the wellbore integrity and cement
failure evaluations and categorize their cement curing conditions and prediction
results. Review numerical modeling studies related to the wellbore integrity and
cement failure. Summarize the knowledge gaps and problems that need to be
solved.

•

Develop a novel experimental setup that measures the cement pore pressure
during hardening under downhole conditions. Introduce the structure, capacity,
and operation of the setup. Present and analyze the cement pore pressure
measurements and postmortem images.
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•

Develop a novel staged Finite Element Analysis (FEA) approach that considers
major physical and mechanical processes during cement hardening which can
simulate the state of stress variation in the entire composite wellbore system.
Failure occurrence in the cement can be predicted under various loads arising
from the wellbore lifecycle.

•

Calibrate the numerical reproduction results from the developed staged FEA
approach with laboratory test results from previous studies for the onset of cement
shear failure. Calibrate the numerical reproduction results from the developed
staged FEA approach with the heating test results from the experimental setup of
this study and with postmortem observations for the onset of cement tensile
failure (cracks).

•

Combine the laboratory tests and numerical modeling into an integrated approach
for predicting cement failure and evaluating wellbore integrity under downhole
conditions. Perform sensitivity analyses for major assumptions and critical
parameters. Compare the results of this study with previous studies and discuss
about the difference and improvement.

•

Apply the integrated laboratory and numerical approach to several scenarios of
field operation and present the prediction results.
The objective of this study is to present an integrated laboratory and numerical

approach that enables an accurate, easy-to-perform, and systematic prediction and
evaluation of cement failure and wellbore integrity damage. The approach integrates the
effects of in situ loads (i.e., downhole conditions of stress, pore pressure, wellbore
pressures, and temperature), cement hardening, failure characterization (including shear
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and tensile failure) accounting for the bulk poro-elastic properties of the formation and
cement as well as interface interactions (i.e., bond strength, friction, post-failure
evolution of debonding fractures), as well as major wellbore construction, completion,
testing and production loads (i.e., injection, thermal cycling). In difference to other staged
FEA studies this approach accounts for the multiple physical processes during cement
hardening, such as the development of the cement poro-elastic properties, bulk shrinkage,
and pore pressure, as well as temperature fluctuations during the hydration reaction and
the associated thermal stress (Bois et al. 2012). Based on the resulting state of stress
developed during the various stages modeled, this study provides quantitative analyses of
the conditions and locations of MA initiation and the resulting MA aperture. Critical
information such as the temporal evolution of MA and the accumulated influence by
loads from multiple operations and procedures can be provided, and the risk evaluation
for MA occurrence is presented based on quantitative results.
In order to strengthen the understanding of the cement hardening process and the
corresponding influence on wellbore integrity, this study is focused on answering several
key questions as follows:
•

How the state of stress varies in the cement during the hardening process? What is
the state of stress developed in the cement after hardening?

•

Among all physical, chemical, and mechanical processes occurred during cement
hardening, what processes are important to the state of stress variation? How to
appropriately simulate these processes with the numerical modeling approach?
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•

What is the influence of different downhole conditions on the cement hardening
process? How downhole conditions affect the developed cement properties and
cement state of stress?

1.3. OUTLINE
This doctoral dissertation is organized in 6 sections. The outline of the manuscript
is shown in Figure 1.3. In the present section, the background and research problems of
this study are introduced and the objectives of this study are presented. Section 2 is
dedicated to provide the current state of knowledge for the cement hydration reaction as
well as laboratory tests and numerical simulations for cement failure. Section 3 presents
two experiments to measure the mechanical parameters and pore pressure variations
during cement hardening, respectively. Section 4 introduces the staged finite element
approach and the setup of the finite element model of the composite wellbore system.
Section 5 combines the laboratory experiments and numerical modeling into a systematic
and integrated approach and calibrates the results from the integrated approach with the
results from both laboratory test of Jackson and Murphey (1993) and a heating test
developed in this project. With the confidence gained from the calibration, Section 6
performs sensitivity analysis for several key factors and applies the developed integrated
approach in case studies for the Mont Terri CO2 injection well, a typical injection well,
and a shale gas well with hydraulic fracturing operation. Finally, conclusions, suggestions
for operators, and outlooks for future works are outlined in Section 7.

7

Section 3

Section 2
Summarize cement
hardening features based on
hydration kinetics:
* Material properties
* Shrinkage
* Pore pressure
Review of previous lab and
numerical studies for
predicting cement failure.

Section 7
Summarize,
outlook, and
suggestions for
field operation

X

Case study:
• Mont
Terri C02
injection
well

Lab tests for cement mechanical
Section 5
parameters during hardening:
I
• Pp measurement
\ Integrating
lab and
Section 4
numerical
Staged FEA approach:
parts
• Finite element theory
• Load steps during wellbore
construction
Model
• Model setups
calibration:
* Jackson
Section 6
and
Murphev
Discussion and sensitivity
(1993).
analysis:
* Heating
• Different depth
test by
• Shrinkage severity
this
• Different cement stiffness
study
• Cement temperature
fluctuation

/

Figure 1.1 The flowchart of the structure of this manuscript.
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2. LITERATURE REVIEW

2.1. CEMENT HARDENING PROCESS
Portland cement is widely used in civil and petroleum engineering industries. The
American Petroleum Institute (API) classifies Portland cement into eight types from
Class A to H based on their chemical composition and application conditions (API 10A1). The composition of Portland cement can be divided into two main categories: clinker
and gypsum (CS). Clinker is primarily comprised of two calcium silicates (alite, C3 S; and
belite, C2 S) and two calcium aluminates (tricalcium aluminate, C3A; and ferrite, C4AF).
During the hydration reaction, C3 S hydrates rapidly and largely affects the initial set and
early strength of the cement. C2 S hydrates slowly, takes effect during the later stage of
the hydration reaction, and contributes to the low permeability of the set cement. The
hydration reaction of C3A emits significant amounts of heat and can lead to early
stiffening and flash set, but the reaction can be controlled by the gypsum in the system.
The reaction of C4AF has no significant influence on the developed properties of cement.
For a typical Class G or H cement powder, the mass composition of each component is
approximately 50% C3 S, 30% C2 S, 5% C3A, and 12% C4AF.
2.1.1. The Hydration Reaction and Kinetics. The cement hydration reaction is
a complicated chemo-thermo-physical process during which the cement powder reacts
with water and generates the porous solid skeleton. The hydration reaction starts from the
moment when the cement is mixed with water and a significant amount of heat is
generated. The rate of heat generation indicates the degree and status of the hydration
reaction and can be used to divide the entire hydration process into five stages (Figure
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2.1). The degree of hydration (DoH) measured by the isothermal calorimetry equipment
is an important parameter to quantify the hydration reaction process due to the significant
heat production nature of the hydration process. The major products of hydration
products of silicates are crystalline calcium hydroxide (Portlandite, CH) and calcium
silicate hydrate (C-S-H), respectively. The main product of aluminates and sulfate is
ettringite (C-A-S-H). The major features/processes and hydration reactions which occur
during each hydration stage are presented as follows:
Stage I occurs immediately after the cement is in contact with water and typically
lasts several minutes. Aluminates (C3A; and C4AF) dissolve and start to react with water
and sulfate. The generated gel-like material is ettringite (C-A-S-H) and it builds up
around gains (Figure 2.1a). The reaction mainly occurs within the first several minutes
and release a large amount of heat.
Staged II is the Induction period and is also referred as the dormancy period,
which has a really slow hydration reaction rate and may last from several minutes to
several hours. C-A-S-H gel largely slows down aluminate hydration reactions and thus
only little heat is generated. Silicates slowly dissolves into calcium and hydroxyl (OH)
ions (Figure 2.1b). The cement remains in fluid phase and behaves plasticity.
Stage III is the Accelerated setting period. The duration of this period is largely
dependent to the curing condition and may range from several hours to days. The
hydration reaction of alite (C3 S) is the major hydration reaction during this stage and
generates the fiber-like C-S-H and crystalline CH. As shown in Figure 2.1c, the growth
of C-S-H and CH starts to bridge solid particles and results in the stiffening and setting of
the mixture. During this stage, heat release, matrix hardening, and strength development
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are accelerated due to the rapid and accelerated hydration reaction. Initial set is at the
beginning of this stage which indicates the cement has lost mobility and starts behaving
elastic. The final set occurs near the peak of the heat energy release, which is the end of
this stage, indicating that the cement has completely become an elastic solid and strong
enough to support the wellbore system.
Stage IV is the hardening period and is also referred as the decelerated period.
This period extends from several hours to days and lasts normally longer than Stage III.
After the peak of heat production, the alite hydration reaction rate slows down as
hydration products build up and decrease the contact area between the unreacted material
and remaining water. As shown in Figure 2.1d, the drastic growth of C-S-H and CH
occupies more space and further inter-connects into the solid skeleton, which starts to
constrain the fluid (water) flow and decrease the porosity and permeability of the system.
The strength and elastic properties of the cement continues to develop. For oil-well
cement, the wait-on-cement period stops by the end of Stage IV and the cement sheath
should have enough strength and mechanical properties to support the wellbore system
for subsequent operations.
Staged V is the long-term diffusion limited reaction period. This period can last
for years as long as the remaining reactants and water are available in the system. The
hydration reaction of the remaining alite (C3 S) continue to occur but gradually slows
down. The hydration reaction of belite (C2 S), which also consumes water and produces
CSH, becomes noticeable. The solid hydration products start to occupy most of the space
and isolate the fluid content within isolated pores (Figure 2.1e). The matrix permeability
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becomes very low, even impermeable. The strength and elastic properties of the
cement continues to develop in the long term if the hydration reaction is still ongoing.
The hydration reaction of cement is affected by factors of the curing condition,
such as temperature, pressure, water supply, water PH, and presence of various minerals
in the water. Temperature and pressure are the two most important factors that have
crucial influence on the hydration reaction process. The temporal evolution of the degree
of hydration under different temperatures and pressures measured by Pang and Meyer
(2014) are shown in Figure 2.2b. A low temperature can largely delay the hydration
reaction, and this delaying effect is more prominent at the early stage of the reaction. A
high curing pressure can also accelerate the hydration reaction. Considering the range of
temperature and pressure under which the oil well cement is cured, the rate of the
hydration reaction is much more sensitive to the temperature than pressure, especially at
the early stage of the hydration process. The quantitative influence of curing pressure and
temperature on the developed properties of cement are collected from various
experimental studies and will be introduced in detail and utilized in the numerical models
in the Section 3.
2.1.2.

Driving Forces for State of Stress Variation. The cement hydration is a

complicated reaction that involves mutiple chemcial, thermal, physical, and mechancial
processes. The driving froces among these processes that significantly affect the state of
stress variation are introduced in this section.
2.1.2.1. Volumetric shrinkage. Volumetric reduction (shrinkage) is commonly
observed during the hardening process of cement and concrete. For oil well cement,
cement shrinkage can be classified into the total (chemical) shrinkage and the bulk
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(autogenous) shrinkage based on the measurement method (Justnes et al. 1992; Nelson
and Guillot, 2004; Reddy et al. 2009). Figure 2.3 illustrates the total and bulk shrinkage
data measured by Parcevaux et al. (1987) and Justnes et al. (1995).

coated by a gel-like substance.

saturated with dissolved ions.

start to grow. “Clusters” first

Stage IV: hydration products
become interconnected. “Bridge”
between clusters.

Stage V : hydration products
mesh into a dense and imperme
able solid.

Figure 2.1 Five stages of the cement hydration reaction. a)-e) stages of cement hydration;
f) illustration of the divide of hydration reaction stages on heat generation curve. Figure
is partially adapted from Taylor and Voigt (2007).

As shown by blue lines in Figure 2.3, the total shrinkage refers to the volume
difference between the reactants and the products of the cement hydration reaction, while
the bulk shrinkage is a proportion of the total shrinkage and describes the external
volume reduction of the cement (Nelson and Guillot, 2004; Reddy et al. 2009). The bulk
shrinkage mainly results from the growth of solid grains (hydration products) and the
consumption of water when the cement transforms from a fluid into solid (Benz 2008 and
Zhang et al., 2010). As shown by red lines in Figure 2.3, the development of bulk
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shrinkage slows down as the rigid porous skeleton begins to develop after the initial set
of the cement and approaches zero when the cement is completely set (Nelson and
Guillot, 2006; Benz 2008).

Figure 2.2 Quantitative illustration of cement hydration process. (a) Variations of the
intitial cement components during the hdyration reaction. (b) The evoluation of degree of
hydration for cement hardening under different temperature and pressure. Figures are
adpated from Blackie (1982) and Pang et al (2013).
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The bulk shrinkage starts to affect the state of stress in the cement after the
cement becomes immobile (i.e. initial set, at 16th and 10th hour for studies of Justnes and
Parcevaux, respectively) because the shrinkage is no longer compensated by the slurry
flow and the developed rigid porous structure starts to have resistance to the volume
reduction (Backe et al. 1998; Acker, 2004; Benz, 2008). The initial compression in the
cement from the initial cement slurry pressure can be compromised by the tensile stress
induced by the bulk shrinkage. When the bulk shrinkage is severe, tensile failures, such
as debonding failure and radial cracks, become likely during the hardening process or
subsequent operations (Benz 2008; Bois et al. 2012; Lavrov and Tors^ter, 2016).
Expanding agents, such as CaO and MgO, can be added into the cement system to
mitigate the shrinkage, enhance the compressional stresses in the cement, and thus to
prevent tensile failure (Boukhilifa et al. 2005; Rubiandini et al. 2005).

Figure 2.3 Total and bulk shrinkage data from the laboratory measurements.

2.I.2.2.

Heat generation and temperature fluctuation in the cement. The heat

generation of the hydration reaction and the corresponding temperature fluctuation affect
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the state of stress in the cement in two processes. As shown by solid blue and purple
lines in Figure 2.4, the drastic increase of temperature occurs at Stage III and Stage IV of
the hydration process (stages can be distinguished by the heat generation showing in
dashed lines in Figure 2.4). During this period, the cement has a low Young’s modulus
and a low thermal expansion coefficient. The elevated temperature and the thermal
dilation of the cement induce compressional thermal stress to the cement. This thermal
stress is the primary concern in the construction industry due to the large volume of the
cement/concrete structure. However, for the cement sheath in a typical oil well, due to the
limited thickness of the cement sheath, the influence of the thermal dilation is not of vital
significance. The second process occurs at the later period of Stage IV after the peak of
heat generation. During this period, the cement system starts to cool down and the cement
is stiffer (i.e., with a Young’s modulus several orders of magnitude higher than Stage III)
and has a higher thermal expansion coefficient (Bjontegaard, 1999). Hence, tensile
thermal stress gradually develops from the cooling process and may surpass the
previously developed compressional stresses, which induces a tensile state of stress in the
cement (Bois et al. 2012). Combining with the tensile stresses induced by bulk shrinkage,
the tensile state of stress in the cement may induce tensile failures, including cracks and
debonding fractures, during Stage IV and Stage V of the hydration process (Taylor and
Voigt 2007; Bois et al. 2012). It needs to be noted that the heat convection in the
wellbore system (inner casing fluid, casing, cement, and formation) is complicated during
cement hardening. Besides heat generated from hydration reaction, the resulting
temperature field is affected by the shape (volume) of cement, thermal properties of
formation rock, formation temperature, and other factors. Therefore, a systematic set of
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experiments, including the temperature measurement and mechanical tests, are
necessary to quantitatively investigate the influence of temperature fluctuation on the
state of stress variation in the cement.
2.I.2.3. Cement pore pressure variation. The reduction of pore pressure (fluid
pressure) is another key feature of cement hardening that significantly affects the state of
stress in the cement. Figure 2.5 shows pore pressure and total shrinkage measurements
from Reddy et al. (2009) for cement systems with different w/c ratio. The cement has a
uniform fluid pressure equal to the slurry pressure at the beginning of the hardening
process when cement is still in fluid phase (drop (e.g., from 0 to 16th hour for cement
system with w/c=0.42, Figure 2.5). The slurry pressure is always higher than the
formation pressure, which results in the fluid loss of the cement slurry and formation of
the filtration zone. Then, from the beginning of the initial setting stage (Stage III), with
the accelerated hydration reaction, the cement system gradually loses mobility, grows the
solid content, and decreases in permeability, which makes the external water harder and
harder to flow into the cement body.
Since the rate of water consumption is higher than the inflow rate of the external
water (Appleby and Welson ,1996; Bois et al. 2012), the pore pressure in the solid
cement matrix starts to drop (e.g., from 16th to 54th hour for cement system with
w/c=0.42, Figure 2.5) until the water consumption slows down and reaches equilibrium
(e.g., 54th hour for cement system with w/c=0.42, Figure 2.5). The reduction of pore
pressure adds compressional stresses to the cement system and may inhibit the onset of
tensile failures which are led by the cement shrinkage (Terzaghi, 1956; Ghabezloo et al.
2008; Lecampion 2013).
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Heat generation (qualitative)

Figure 2.4 Temperature and heat generation measurements. Data is adapted from
Kurdowski (2004), Zhou et al. (2014), and Zhang et al (2020).

Moreover, the pore pressure variation also has a significant influence on the
prevention of gas invasion and gas channeling. When the pore pressure in the cement
drops below the formation pressure, the formation gas can invade into the cement and
form gas channels if the static gel strength is not high enough (Crook and Healthman,
1998). Crook and Healthman (1998) pointed out that the variation of cement pore
pressure should be investigated temporally under downhole conditions that cement is
cured, including water exchanging between formation and cement, pressure, and
temperature.
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Figure 2.5 Cement pore pressure and shrinkage measurements. Data is adapted from
Reddy et al. (2009) for Class G cement with water cement ratios of 0.27, 0.42, and 0.9.

2.1.3.

Acquisition of Cement Mechanical Properties. Achieving desired

mechanical properties is one of the primary goals of the cementing job that ensures the
cement integrity under various loads during the wellbore life cycle. Measurement of the
temporal variation of mechanical parameters is necessary to understand the cement
hardening process and prediction of cement failure. Young’s modulus E, Poisson’s ratio
v, strength (including tensile and compressional strengths) are critical mechanical
parameters in the analysis of the cement hardening process. Since the set cement is a
porous medium, the porosity, permeability, pore pressure, and poroelastic parameters
(i.e., biot coefficient b, undrained bulk modulus Ku) also need to be taken into
consideration (Ghabezloo et al. 2008). Laboratory measurement and cement constitutive
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modeling are the two major methods to obtain cement mechanical properties.
Laboratory measurements, based on the condition of the cement sample preparation and
test implementation, can be categorized into two types: (1) Continuous measurements
while cement is curing under downhole conditions, for example, the ultrasonic test
system installed within the pressure cell (ultrasonic cement analyzer developed by Rao et
al. 1982). (2) Sample is prepared under downhole conditions and test is separately, such
as uniaxial and triaxial compression tests, Brazilian tension test, and unjacketed test. In
addition, based on the known mechanical properties of each component of the cement
system and the continuous measurement of the portion of each component, the
constitutive modeling analysis can also provide the temporal evolution of cement
mechanical parameters during the hardening process (Bourissai et al. 2013; Samudio,
2018). In the study, in order to obtain data that represent the cement cured downhole
conditions, cement mechanical properties are collected from the continuous laboratory
measurements and constitutive modeling analyses. It needs to be mentioned that
measurements of cement mechanical parameters are collected from previous studies in
this study due to the extensive investigations and studies that are available in disciplines
such as civil engineering, material science, and petroleum engineering. Curing condition,
cement type, and the composition of the mixture are the major factors affecting the
cement hydration process. The similarity of these factors between previous laboratory
measurements and the targeted downhole conditions of the study are the priority standard
for data collection.
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2.2. CEMENT FAILURE IN THE WELLBORE SYSTEM
Cement failure may occur during different stages of the wellbore life, which can
significantly affect the integrity of the wellbore. Under severe scenario, different types of
fractures in the cement can be inter-connected and develop a pathway that greatly
promote the fluid migration and leads to the fluid leakage through the wellbore. As
shown in Figure. 2.6, cement failure can be classified into five types based on the
occurrence period and the load that induces the failure.
Interface debonding is a tensile failure that occurs at the casing-cement and
cement-formation interfaces when the radial stress at the interface exceeds the tensile
bonding strength (Bois et al. 2012; Lavrov and Tors^ter, 2016). Bulk shrinkage during
cement hardening process (explained in Section 2.1.2), injection-related inner casing
temperature decrease (Nygaard et al. 2014, Zhang et al. 2017), and significant inner
casing pressure decrease (Nelson and Guillot, 2006) can induce the tensile radial stress
and may further induce the occurrence of debonding failure. When the debonding
fractures generate along the wellbore systematically and the interface becomes totally
debonded, a micro-annulus (MA) is developed at this interface and may systematically
occur along a long wellbore section, which can greatly promote the unwanted fluid
migration along the wellbore. Cement bond log is the major tool to detect and evaluate
micro-annuli and remedial cementing job is the commonly used operation to fix the
wellbore section that micro-annuli are developed severely (Nelson and Guillot, 2006).
Due to its significant hazard and extensive occurrence (Celia et al. 2005), understanding
the occurrence, evolution, and severity of micro-annuli is demanded by the industry and
is one of the major focuses of this study.
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Radial crack is another commonly occurrence of tensile failure at the cement
sheath that initiates when the hoop stress exceeds the tensile strength of the cement.
Excessive inner casing pressure during operations such as drilling, hydraulic fracturing,
and pressure testing can significantly decrease the hoop stress and induce radial cracks.
Besides, significant bulk shrinkage of cement during hardening (Taylor and Voigt 2007)
and an extreme decrease of inner casing pressure such as injection of liquid CO2
(Fahrman et al. 2018) can also induce radial cracks. The occurrence of radial cracks is
largely affected by the geometry of the cement sheath and mechanical properties
developed of the cement by the time the excessive load is applied. The cement system
with higher strength and lower Young’s modulus is less likely to generate radial cracks
(Boukhilifa et al. 2004). Radial cracks promote the fluid flow through the cement sheath
and can enormously enhance the fluid migration when radial cracks become inter
connected with previously developed micro-annulus (MA).
Disking is also a tensile failure that occurs when the axial stress exceeds the
tensile strength of the cement. Disking occurs majorly due to the bulk shrinkage during
the cement hardening process. Considering the large dimension of the cement sheath
along the longitudinal direction, the bulk shrinkage of the cement, as a volumetric
deformation, leads to the axial contraction against the friction at the cement-formation
and cement-casing interfaces, which may further induce disking fractures (Lavrov and
Tors^ter, 2016). It can be postulated that disking failure should be inevitable for the
cementing of long wellbore sections because the friction force is significant, cement has a
relatively low strength when the bulk shrinkage rate is high, and the long cement sheath
needs to release the tensile axial stress. However, disking failure is less hazardous
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compared with other failure types and cannot significantly enhance fluid flow, because
disking fractures are perpendicular to the wellbore direction and therefore have minimal
contribution to the fluid flow (leakage) along the wellbore direction.
Shear failure occurs when the cement has an excessive differential stress induced
by the excessive inner casing pressure during drilling, hydraulic fracturing, and pressure
testing. After the pressure is removed, fluid flow is significantly enhanced in the
damaged cement sheath. Moreover, since shear failure always initiates at the inner side of
the cement sheath, the partially damaged cement sheath behaves like micro-annulus
(MA) in terms of wellbore leakage and has an appearance like MA in CBL signal
(Nelson and Guillot, 2006). Hence, investigations of MA occurring at the casing-cement
interface need to consider scenarios of the partial shear failure (Bios et al. 2012; Zhang
and Eckert, 2020). It needs to be noted that the occurrence of radial cracks or shear
failure under excessive inner casing pressure is largely determined by the geometry of the
cement sheath (the dimension of the wellbore), the contrast between the tensile and
compressional strengths, and the pre-existing state of stress in the cement.
Gas channeling and gas bubbles are due to gas invasion into the cement slurry
when the fluid pressure (pore pressure) becomes lower than the formation pressure during
the setting process of cement hardening. Gas channels and bubbles are the weak zone of
the cement that can greatly enhance the initiation of tensile and shear failures (Lavrov
and Tors^ter 2016). Increasing the static gel strength and reducing the thickening time
(accelerating the setting period) are effective measures to inhibit gas invasion (Nelson
and Guillot, 2006).
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In summary, cement failure is a complicated phenomenon that can be induced
either individually or cumulatively by loads from various processes and operations during
wellbore lifecycle. Among these processes, cement hardening is the most important due
to its direct and indirect influences on the occurrence of all types of cement failure. The
bulk shrinkage and pore pressure variation directly determine the onset of MAand gas
invasion. The temporal development of mechanical properties and the evolution of state
of stress, including thermal stresses, are also the fundamental and significant factors that
affects the occurrence of all types of cement failure. Hence, evaluation and prediction of
cement failure requires a thorough, quantitative, and systematic investigation of the
wellbore construction and operation processes as well as the corresponding variations of
material properties, loads, and state of stress in the cement.

Interface debonding
(micro-annuli)

Radial Cracks

Disking

Shear Damage
Casing

Cement

Formation

Figure 2.6 Failure types occur in the cement sheath. Figure adapted from Bois et al.
(2012), Celia et al. (2005), and Lavrov and Tors^ter (2016).
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2.3. LABORATORY INVESTIGATIONS OF CEMENT FAILURE
Laboratory investigations of cement sheath failure has been extensively studied.
Based on the operation/process that each study aims to simulate, laboratory studies can be
mainly categorized into pressure testing (pressure cycling) and thermal cycling.
2.3.1. Pressure Testing. Goodwin and Cook (1992), Jackson and Murphey
(1993), Therond et al. (2017) studied the effects of wellbore pressure variations using the
inner-casing-cement-outer-casing system and applying pressure cycles at inner casing.
These studies observed that, when a high inner casing pressure is removed or reduced,
annular leakage occurs. Postmortem of Goodwin and Cook (1992) shows that shear
failure at the inner-casing to cement interface are predominant for low compressional
strength cement, while radial cracks are predominant for high compressional strength
cement. Boukhelifa et al. (2004) observed that after several loading-unloading cycles, a
MA occurs at the cement-outer casing interface for expanding cement systems, and both
MA and radial cracks for cement systems that shrink during hardening. Fahrman et al.
(2017) further developed a down-scaled casing-cement-rock system (outer casing is the
wall of the pressure cell), gradually applied the inner casing pressure, and monitored the
fracture occurrence with CT scanner. Radial cracks initiate from inner side of the cement
sheath at an inner casing pressure of 27.6 MPa, propagate through the rock sheath, and
induce severe damage of the system at 31 MPa (Figure 2.8). Vralstad et al. (2019) used
similar setups to further investigate the initiation and evolution of radial cracks for the
casing-cement-rock system that the formation rock is soft (low Young’s modulus and
strength) and stiff (high Young’s modulus and strength) as well as a mud film is
presented at the cement-rock interface. CT scan images (Figure 2.9) show that soft rock
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system occurs failure at a lower inner casing pressure and multiple cracks are
developed during the pressure test, whereas stiff rock occurs failure at a higher inner
casing pressure and only one crack is developed during the test. The presence of mud
film can promote the radial cracks development in the cement sheath but has minor
influence on the further propagation of these fractures. It needs to be mentioned that no
shear failure is observed in cement during the pressurization tests of Fahrman et al.
(2017) and Vralstad et al. (2019), especially the soft rock scenario in Vralstad et al.
(2019). Differences between the experiment setups, such as sample dimension, presence
of a rock sheath, and the application of confining pressure, may play important roles to
affect the response of the system under pressurization and the occurrence of radial cracks
or shear failure. Hence, detailed investigations should be performed to strengthen the
understanding of the interaction among casing, cement, and formation rock in the
wellbore system and thus to better predict the cement failure type and severity.

Catastrophic
shear failure

10 mm

(a) low E, low strength cement

(b) high E, high strength cement

Figure 2.7 Postmortem images from the study of Goodwin and Crook (1992). Pressure
cycling was performed in the casing-cement-casing system.
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Figure 2.8 CT scan images from Fahrman et al (2017). The casing-cement-rock system
occurred radial cracks under excessive inner casing pressure.
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Figure 2.9 CT images from Vralstad et al (2019). Investigation of radial cracks
occurrence for scenarios of soft rock component, stiff rock component, and mud film on
stiff rocks.
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2.3.2.

Thermal Cycling.De Andrade et al. (2015) observed that after thermal

cycling (a 140°C temperature difference is applied) severe interface debonding (MA) at
both the casing-cement and cement-formation interfaces occurs, if the cement is cured
without pressure, while no debonding is observed if the cement is cured under pressure
(Figure. 2.10b). Roy et al. (2016) applied a low temperature (-50°C) at the inner casing
and CT scanning results showed that failure is not evident within the cement sheath or at
the interface bonds. They speculated that the induced MA may have an aperture below
their CT scan resolution (150-200gm).

Cured without Pressure:
Debonding

Cured under Pressure:
No Debonding

%.o %
J 97.4 %
2.5 %

Cement-to-casing
bonding,%

1 Cement-to-formation
bonding,%

Volume ot voids/cracks
in cement, %

Figure 2.10 3D reconstruction of the casing-cement and the cement-rock interfaces from
CT scanning images after thermal cycling from the study of De Andrade et al (2015). (a)
Cement is cured without a hydrostatic pressure applied. (b) Cement is cured under a
hydrostatic pressure (3.5 MPa).

28

2.3.3.

Summary. While these laboratory studies inherently account for the

occurrence of cement hydration and shrinkage, they also show that the occurrence and
location of cement failure are highly dependent on the individual experimental setup,
cement properties and the loads applied. Moreover, quantifying the exact timing,
conditions, and which physical process is responsible for the initiation of cement failure
remains a challenge. In addition, key aspects of simulating downhole conditions are
neglected such as the addition of the stressed formation surrounding the cased cement
sheath, the existence of pore fluid pressure in the formation and the cement. How these
factors affect the failure type, location, likelihood of occurrence, and aperture of the
observed cement failure need further investigation.

2.4. NUMERICAL INVESTIGATIONS OF CEMENT FAILURE
Numerical modeling approaches are developed to complement laboratory studies
and broaden the application to various field scenarios. Mathematical modeling and finite
element analysis (FEA) are the two major approaches.
2.4.1. Mathematical Modeling. Bois et al. (2011, 2012, and 2019) integrated the
constitution model for cement hydration with a coupled poro-chemo-thermo-mechanical
model to describe the mechanical response of the wellbore system to external loads
during cement hardening. In their model, the degree of hydration is obtained by
integrating the various components in the cement system (including their evolution with
time) with the macroscopic kinetic law. The cement mechanical properties are defined as
a function of the degree of hydration. Thermo-poro-elasticity is used to govern the
cement post-failure behavior, and pore collapse theory (based on the modified cam-clay
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model) is used to describe the plastic behavior of the damaged cement. Analytical
solutions of the state of stress and deformation are computed based on multi-layer thickwalled cylinder theory. It needs to be noted that the study assumes that the cement bulk
shrinkage is the result of the hydration reaction associated temperature fluctuation, water
consumption by the hydration reaction, and the cement pore space reduction during
hardening. The mechanical response of the bulk shrinkage is also divided into these three
aspects and examined separately in different modules of their model. The resulting state
of stress and displacement are calculated with the System Response Curve method
(Fourxious et al, 2004), which provides the mutual relationship between a certain variable
in the thick-wall cylinder equations of the poro-elastic material (i.e., cement Young’s
modulus or inner casing pressure) with the resulting state of stress or displacement (MA
aperture). The modeling results indicate that excessive casing pressure induces localized
cement shear failure at the casing-cement interface for the cement that is less stiff and
weaker and induce radial cracks for the cement that is stiffer and stronger. MA due to
cement pore pressure reduction during hardening may result in debonding at both
interfaces, but also depend on the interaction of the poro-elastic parameters of the cement
and formation; MA due to injection related cooling is likely to occur at the casing-cement
interface, but is also dependent on other mechanical parameters.
2.4.2. Finite Element Modeling. ‘Staged’ FEA is considered as an efficient
approach to simulate the wellbore state of stress and corresponding failure during the life
cycle of a composite wellbore system under in-situ conditions (e.g., Bosma et al., 1999;
Ravi et al., 2002; Gray et al., 2009; Nygaard et al., 2014; Li and Nygaard, 2017). Bosma
et al. (1999) developed a staged 2D FEA framework including the steps of drilling,
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casing, and cementing under conditions of high compressive in-situ stresses and high
temperatures. Ravi et al. (2002) included lower density completion fluid replacement and
hydraulic fracturing steps and evaluated the cement integrity of two field cases. Gray et
al. (2009) simulated the stages of drilling, cementing and production under downhole
conditions using staged 3D FEA. Nygaard et al. (2014) performed a staged 3D FE
analysis and simulated periodic changes in injection pressure and temperature during CO2
injection. Li and Nygaard (2017) further studied the influence of cement volume change,
different vertical sections of the wellbore, in-situ stress regime, and the existence of pre
existing MA. Orlic et al. (2018) performed a staged 2D FE analysis to investigate the
cement failure during various operations. Probabilistic analysis was conducted with
uncertainty ranges assigned to cement property parameters. In general, most numerical
studies are in agreement that MA due to excessive inner casing pressure occurs at the
casing-cement interface; MA due to cement shrinkage and injection related cooling
(thermal cycling) is generated on the cement-formation interface. The pore pressure
magnitude in the cement, the cement mechanical properties, the formation rock
properties, and in-situ stress regime have significant influence for MA generation and the
resulting aperture.
2.4.3. Summaries of Numerical Approaches. Mathematical modeling approach
provides a straight-forward method to evaluate the influence of various factors to the
occurrence of cement failure. However, this approach has several insufficiencies that may
induce inaccurate prediction. First and foremost, various mechanical processes occurred
during cement hardening are ignored or insufficiently considered, such as development of
poro-elasticity and bulk shrinkage, and thus affect the resulting state of stress in the
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cement. Moreover, the bonding strength at the casing-cement and cement-formation
interfaces are ignored, which can further result in over-estimation of MA occurrence and
aperture. In addition, due to the nature of the approach, mathematical modeling approach
performs one-step analysis and thus can only account for loads and processes occurring
in a certain stage (i.e., drilling or cementing or pressure testing). For the analysis of the
wellbore construction and operation processes, field variables such as state of stress,
displacement, and temperature are not continuous throughout the analysis, which
significantly reduces the accuracy and representativeness of the modeling result.
The approach of staged FEA is a continuous analysis and has enabled to simulate
the loading history of the composite wellbore system under downhole conditions.
However, instead of simulating cement hardening process, all numerical simulations
make assumptions for the state of stress of the cement after hardening. End member cases
include: (1) zero effective stress that represents the conventional shrinking cement (i.e.
hydrostatic slurry pressure; Bosma et al., 1999; Ravi et al., 2002;); (2) a finite,
compressive effective stress equal to the difference between slurry pressure and
hydrostatic pore pressure that represents the cement has no shrinkage (Gray et al., 2009;
Nygaard et al., 2014; Li and Nygaard, 2017); and (3) a relatively large compressional
stress in the cement that represents expansive cement (Bosma et al., 1999). Various
processes that induce the evolution of the cement state of stress during hardening, such as
shrinkage, development of poro-elasticity, and pore pressure variation, are ignored by
most numerical studies. Moreover, previous numerical studies also assumed that the state
of stress in the cement after hardening is uniform, which indicates that the cement has no
deformation and no interaction between cement-casing and cement-formation during the

32

hardening process (Zhang and Eckert 2018, 2020). In addition, while several recent
studies (Gray et al., 2009; Nygaard et al., 2014; Li and Nygaard, 2017) assume a finite
effective state of stress in the cement after the hardening stage (i.e. by applying a finite
pressure load), which has been shown can improve cement bond quality (De Andrade et
al., 2015), these studies performed failure analysis based on total stress and did not
physically account for the pore pressure in the system nor the variation of pore pressure
in the cement.

2.5. LABORATORY MEASUREMENT OF CEMENT PORE PRESSURE
DURING HARDENING
Determining accurate pore pressure magnitudes during hardening is of great
significance for field operators because pore pressure determines the cement effective
state of stress and thus its likelihood to fail. Predictions based on the rapid decline of pore
pressure (i.e., Amziane and Andriamanantsilavo, 2004 and Reddy et al. 2009) may infer a
more compressional state of stress and thus lead to an under-estimation of tensile failure
occurrence (Lavrov and Tors^ter, 2016). Based on this assumption, the pore pressure
evolution in the cement is a crucial factor that directly affects the evolution of the cement
state of stress during hardening.
Pore pressure variation during cement hardening has been investigated for
purposes of predicting system permeability variations and evaluating the gas invasion
potential (Levine et al. 1979; Appleby and Wilson, 1995; Amziane and
Andriamanantsilavo, 2004, Reddy et al. 2009). As is illustrated in Figure 2.11a, Levine et
al. (1979) measured the fluid pressure at the top and bottom of a 12 ft-long annulus filled
with cement slurry, and a 38ft-long water column connected to the top of the cement
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body provided the confining pressure. The cement system was water-bathed at a
temperature of 150 °F (65.6 °C). The pressure at the bottom of the cement column
dropped from 24 psi to 4 psi in 4 hours. As shown in Figure 2.11b, Appleby and Wilson
(1996) measured the fluid pressure at one side of a pressurized cylinder chamber while
the other side was connected to an external water source. They found that the cement
pore pressure drops drastically (50%) if no external water is supplied, and cement pore
pressure drops slightly (5%) with abundant water supply. Amziane and
Andriamanantsilavo (2004) used a controlled force transducer to pressurize the cement
system in a tube from the top and measured the pore pressure from the bottom (Figure
2.11c). They observed that for higher pressures applied to the cement, the more rapid
cement pore pressure decreases during hardening. Reddy et al. (2009) measured cement
pore pressure during hardening using a Fluid Migration Analyzer (FMA), which is
similar to the setups of Amziane and Andriamanantsilavo (2004) and correlated the pore
pressure variation with the measurement of cement shrinkage. They found that cement
pore pressure decreases drastically after the rapid decrease of shrinkage rate, which may
indicate the change of driving force of shrinkage (i.e., from the fluid loss induced
shrinkage to the pore space reduction induced shrinkage, Benz, 2008). Samudio (2018)
presented the novel setups of Ultrasonic Cement Analyzer (UCA) and Slurry To Cement
Analyzer (STCA) to investigate the cement hardening process under controlled
temperature and pressure. The UCA setup is able to perform ultrasonic test and pore
pressure measurement, and the STCA setup can perform oedometric experiment
(applying load cycles through LVDT) and pore pressure measurement. However, no pore
pressure measurement data is presented in the published work of Samudio.
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In summary, high temperature, high pressure, and insufficient water supply can
significantly accelerate the decrease of pore pressure; moreover, measured pore pressure
magnitudes and their evolution vary to a large degree due to differences in their curing
conditions. A major shortcoming of these studies is that accessibility to external water
aquifers is either ignored or insufficiently represented. The comparison of with and
without water supply scenarios of Appleby and Welson (1996) indicates the water supply
at the early stage of the cement hardening can significantly delay the pore pressure drop.
However, in the setup of Appleby and Welson (1996), the external water is only supplied
from the bottom of the pressure cell, which may not be representative enough of the
actual downhole scenario. For constrained cement samples, which have an inadequate
contact area with the formation and insufficient external water inflow (compared to in
situ conditions) a more rapid decrease of pore pressure and lower pore pressure
magnitude in the cement are predicted.
Understanding and quantifying the interaction between bulk shrinkage and pore
pressure development during cement hardening, especially during the setting period, is
critical to quantify the state of stress in the cement, predict the risk of cement failure,
optimize the cementing operation, and thus guarantee wellbore integrity (Nelson and
Guillot, 2006; Lavrov and Tors^ter, 2016).
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Figure 2.11 Experimental setups for cement pore pressure measurement. (a) Figure is
adapted from Levine et al. (1979); (b) Figure is adapted from Appleby and Wilson
(1995); (c) Figure is adapted from Amziane and Andriamanantsilavo (2004); (d) Figure is
adapted from Samudio (2018).
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3. MEASURING CEMENT PORE PRESSURE DURING HARDENING UNDER
DOWNHOLE CONDITIONS

As illustrated in previous section, the cement pore pressure variation during
hardening is of vital significance to the cement state of stress estimation and further
prediction of cement failure. This section presents the method, procedure, and
implementation of the laboratory experiment that measures the cement pore pressure for
the cement system under downhole conditions.

3.1. MATERIAL AND SAMPLE PREPARATION
Class G Portland cement is used in preparing cement paste in this study. In order
to reduce the complexity, the cement paste is only comprised of Class G cement and
water, and no additive material or agent are added. The composition and properties of the
cement are provided by the manufacturer (CalPortand company) and are presented in
APENDIX A. The water/cement ratio is set equal to 0.44 as recommended by API-10B2. The mixing of the cement paste followed the recommendation of API-10B-2. The
density of the cement paste after mixing is 1.92 g/cm3. A bleeding test was performed
under the ambient condition to examine fluid loss. Two samples were tested separately,
and the result is the averaged value (Figure 3.1). As shown in Figure 3.1, the fluid loss
percentage is 2.3% at 30th minute, which satisfies the recommended standard by API10B-2.
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Figure 3.1 The bleeding test result of the cement paste.

3.2. EXPERIMENT SETUP
The experimental setup presented in this study is designed to cure the cement
slurry under representative downhole conditions, which include a high confining
pressure, a high temperature, and enough accessibility of external water. In contrast to
previous studies (e.g., Appleby and Wilson, 1995; Amziane and Andriamanantsilavo,
2004) which measure the cement pore pressure evolution over a period of 72 hours, the
setup of this study is designed to obtain the variation of cement pore pressure for up to
several weeks, which allow the cement pore pressure to decrease sufficiently.
3.2.1. Cement Pore Pressure Analyzer. The Cement Pore Pressure Analyzer
(CPPA) is a novel experimental device designed, engineered, and built by the author.
This device will provide a curing environment for the cement paste that includes essential
components of downhole conditions, such as temperature, pressure, and accessibility to
external water supply. In addition, the future extensibility of the device is also considered
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in the design. Detailed outlook regarding to the further investigation of the cement
hardening process with the same device is presented in Section 8.2.
The overview and top view of the setup are presented in Figure 3.2 and the
schematic diagram of the device is illustrated Figure 3.3. The pressure vessel includes the
top and end caps, a sleeve with a 7-in chamber, and 16 high strength steel rods sealing the
top and end caps to the sleeve. Four outlets were drilled and threaded on the pressure
vessel: the first one is on the top cap to install the thermocouple for monitoring the
temperature; the second one is on the end cap to install the fluid pressure sensor; the third
one is on the lower sleeve to connect with pump and supply pressure and water; the last
one is on the upper sleeve with a valve to release the pressure and water. The cement
mold is surrounded by a permeable material to hold the cement slurry in place and allow
the surrounding water to enter the cement. A 0.5 in interval is left between the cement
mold (with an external diameter of 6 in) and the chamber (with an internal diameter of 7
in) to ensure that the outer side and the top side of the cement sample are in contact with
the external water.
Figure 3.4 shows the fluid pressure sensor that is contained within an
impermeable rubber protection sheath. Water is filled between the sheath and the sensor
body with all air bubbles eliminated, which enables the external fluid pressure to be
transduced to the pressure-sensing unit. This design protects the internal structure of the
sensor from the invasion of cement slurry and makes sure the pressure sensing unit in the
sensor constantly records the cement pore pressure during the entire test, which ensures
the accuracy of the measured data. The pressure measured by the sensor can reflect the
fluid pressure in the cement around the sensor (Cheung and Beirute, 1985). After the
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cement becomes predominantly solid, this pressure represents the pore pressure
(Levine et al. 1979; Appleby and Wilson, 1995; Amziane and Andriamanantsilavo,
2004). A benchmark test was performed for the pore pressure sensor in order to calibrate
the validity of the sensor and the accuracy of the measurement. It needs to be noted that
the rubber protection sheath was still functional after the sensor was taken out from the
set cement sample, which indicates the protected sensor can work stably during the entire
test. Data acquisition systems are connected to the fluid pressure sensor and the
thermocouple. A series of benchmarking tests were performed for the entire system with
only water in the vessel to verify experimental safety, check the seal, and calibrate
pressure and temperature measurements. Results show that the system can hold 2000 psi
without leakage for 12 hours, and the pressure and temperature measurements are
accurate.

Protected
mold for
cement
slurry
Internal
fluid
pressure
sensor
“Pressure
vessel
Pump
Figure 3.2 The experimental setup. a) Overview of the entire experimental setup. Data
acquisition system is not shown in the image. b) Top view of the pressure vessel after the
top cap is removed.
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Figure 3.3 Schematic of the cement pore pressure setup.

Figure 3.4 Schematic of the protected pore pressure sensor used in the test.
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3.2.2. Experiment Implementation. Three cases were tested in this study.
Casel is tested under a confining pressure of 1400 psi and room temperature (15 °C).
Case2 is tested under a confining pressure of 1400 psi and a temperature of 35 °C, which
represents downhole conditions of 1000m. Case3 is the heating test case and starts with
the same conditions as Case2 during the first 48 hours. Then, the temperature is increased
from 35 °C to 55 °C in 15 minutes, and this temperature is kept for the rest of the test,
which represents the application of external load to the cement (i.e., thermal recovery).
The heating test results are used to benchmark the numerical modeling results, and the
benchmarking details are presented in the Section of 5.2.2. For all cases, tests are
terminated when the pore pressure data becomes steady (i.e., changes are less than 0.1
MPa per day).

3.3. EXPERIMENTAL RESULTS
The results measured by the improved laboratory setup of this study is introduced
in this section. The cement pore pressure variation during the short-term (i.e., 48 hour)
and long-term (i.e., until the pore pressure stabilized) is presented.
3.3.1. Pore Pressure Measurement. Figure 3.5a shows the cement pore pressure
measurements during the entire curing process for Case 1, 2, and 3; and Figure. 3.5b
shows measurements during the first 48 hours for Case 1 and 2 (Case 3 is omitted due to
its similarity with Case 2). For Case 1, the pore pressure starts to decrease from 1400 psi
(confining pressure) at 14.9th hour until it stabilizes to 48 psi on the 19.7th day. For Case
2, the pore pressure starts to drop at 4.5th hour and stabilizes at 40 psi on the 12th day. The
evolution of Case 3 during the first 48 hours is almost the same as Case 1 (due to the
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same curing conditions). The heating test is performed from 48th to 50th hour, during
which the pore pressure increases back to the confining pressure (detailed examination is
performed in Section 4.1), and then starts to drop until it stabilizes at 238 psi on the 15.8th
day.
3.3.2. Postmortem Observation. The sample was taken out from the pressure
cell after the end of the test and was broken into halves along the longitudinal direction.
Figure 3.6 shows the sample from Case 2 (cured under downhole conditions of 1000 m:
1400 psi, 35 °C). In order to better illustrate the influence of the curing condition on the
developed cement skeleton, two extra samples are cured without measuring pore pressure
and are broken for the postmortem analysis. Figure 3.7 shows the sample cured with the
same setup as Case 2 except the cement slurry is contained with an impermeable mold
that isolates the cement to the external aquifer. The setup is similar to the setup of
Appleby and Wilson (1995) and Samudio (2018). Figure 3.8 is the sample that cured
under room condition.
The sample cured under downhole conditions (Figure 3.6) is relatively
homogeneous, and no obvious fluid sockets, channels, or defects are observed. In
constrast, several obvious fluid sockets and fluid migration channels are observed in the
sample isolated from external water during curing (Figure 3.7). The upward migration of
the free water due to the density contrast during the transition process (setting period,
Stage III) generates the macro-scale sockets and channels within the young cement,
which significantly compromises the role of cement as a hydraulic seal and can induces
errors and deviation to the measured cement pore pressure. As shown in Figure 3.8,
plenty of pores/ bubbles (~1 mm diameter) can be observed at a random radial

43

intersection of the cement sample cured under the room condition. After the cement
has become a hydraulic barrier (after Stage III), the consumption of trapped water (nonevaporable water) by the hydration reaction is responsible for the generation of macro
scale pores in the cement. In summary, postmortem observations indicate that the
experimental setup of this study can represent downhole conditions and guarantees the
accuracy of the measurement of cement pore pressure.

Figure 3.5 The Cement pore pressure measurements from the experiment of this study.
(a) Case 1, 2, and 3 for their entire curing processes; (b) Case 1 and 2 for the first 48
hours.
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Figure 3.6 Postmortem image of the sample of Case 2. The sample is broken into halves
along the longitudinal direction. Region within the dashed black frame will be analyzed
in detail in Section 5.2.2.

Figure 3.7 The postmortem image of the sample cured in an impermeable mold isolated
to the external aquifer and under downhole conditions of 1000 m.
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Figure 3.8 Postmortem image of the sample cured under room condition.

3.4. LABORATORY RESULTS ANALYSIS
As mentioned previously, the development of the cement state of stress during the
hardening process is the key parameter for further wellbore integrity evaluation.
However, due to the difficulty and limitation of downhole measurements, the cement
state of stress can only be indirectly obtained from other measurements and indicators
(i.e., leak-off test, cement bond log) in field operations. Laboratory experiments greatly
supplement the knowledge gap by providing the variation of several parameters that are
mechanically associated with the cement state of stress evolution (Justnes et al. 1995;
Appleby and Wilson, 1996; Backe et al. 1999; Reddy et al. 2009). These parameters
include the cement volumetric shrinkage (bulk/autogenous shrinkage), cement
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permeability variation, cement elastic property development, and cement pore pressure
variation (Bois et al. 2012). In order to better understand the evolution of the cement state
of stress and its influence on the resulting wellbore integrity, the cement pore pressure
data of this study is analyzed with respect to the cement state of stress. It needs to be
noted that the testing condition, cement type, and measurement method may vary in
different studies. This section primarily compares the measurements of this study with
previous studies in order to provide qualitative analysis of the temporal evolution of pore
pressure and shrinkage, and finally analyze the corresponding influences on the cement
state of stress.
Permeability is directly related to the development of the solid skeleton during the
cement hardening, and it is the determining factor for the pore pressure variation in the
cement. Backe et al. (1999) measured the cement permeability with gas flowing through
a pressure cell and found that the permeability decreases from 90 mD at 3.5 hours to 20
mD at 6 hours (class G cement with retarder at 90 oC). Permeability measurements using
the U-Shaped permeameter and shrinkage test cell by Appleby and Wilson (1996)
showed that from 7.1 hours to 15.7 hours of cement hardening, the permeability drops
from 0.2 mD to 2*10'5 mD. The initiation of the permeability decrease falls in the curing
time range of the Induction period (Stage II), and the drastic permeability decrease occurs
in the Accelerated Setting period (Stage III).
For the laboratory measurement of this study and the w/c=0.42 case of Reddy et
al. (2009), the cement pore pressure variation can be divided into several stages (Figure
3.9):
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The periods Ai to Bi (0-14.9 hours for Case 1), A2 to B2 (0-4.5 hours for Case
2), and Ar to Br (0-10 hours for w/c=0.42 case of Reddy et al. 2009) have constant pore
pressure and should be the Induction Stage. During this stage, the cement is highly
permeable, porosity is high, cement can easily flow, cement shrinkage is prominent, and
cement may feature a visco-elastic behavior (Bois et al. 2014; Lavrov and Tors^ter,
2016). However, the shrinkage may only have a minor influence on the state of stress in
the cement due to the low stiffness and the relaxation tendency of the visco-elastic
cement (Eckert and Zhang, 2015). Under downhole conditions, the shrinkage of the
cement during this period can be compensated by the cement flow, and the significant
shrinkage observed in laboratory measurement (Figure 3.9b) has a minor influence.
Then, the cement pore pressure starts to drop slowly from B to C, and the decrease
becomes accelerated from C to D. The accelerated Setting should occur from B 1 to D 1
(14.9 to 64 hours for Case 1), B2 to D2 (4.5-20 hours for Case 2), and Br to Dr (10-25
hours for w/c=0.42 case of Reddy et al. 2009). During this stage, the cement becomes
unable to flow, and the permeability decreases drastically and is comparable to the
permeability range of impermeable rocks (Wang, 2000). The cement behaves like a
predominately poro-elastic material and quickly gains strength (Backe et al. 1999; Zhang
et al. 2010). Drastic shrinkage of 1.8% is observed by Reddy et al. (2009) during this
period. However, the portion of shrinkage that can affect the cement state of stress needs
further investigations. Under downhole conditions, the shrinkage primarily affects
stresses in the radial and hoop directions of the cement sheath and induces higher stress
variations (Lavrov and Tors^ter, 2016).
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The periods Di to Ei (64-82 hours for Case 1), D2 to E2 (20-44 hours for Case
2), and Dr to E r (25-48 hours for w/c=0.42 case of Reddy et al. 2009) occur during the
Deceleration period (Stage IV), when the decrease of the cement pore pressure relatively
slows down. As explained in Section 2.1.1, the cement has become a completely
impermeable barrier. The matrix is unable to draw water from the surroundings.
Shrinkage also slows down obviously (Figure 3.9b), but the shrinkage during this period
(0.7%) can still significantly affect the cement state of stress due to the high Young’s
modulus of the cement.
It can be observed that the cement pore pressure curve and the time period of each
stage are very close for Case 2 of this study and the w/c=0.42 case of Reddy et al. (2009).
This temporal coincidence is because of Case 2 of this study and the w/c=0.42 case of
Reddy et al. (2009) have the similar curing pressure and temperature, similar watercement ratio of the cement, same cement type, and thus the similar resulting hydration
rate. However, from point A to D, cement pore pressure drops 20% and 60% in Case 2 of
this study and the w/c=0.42 case of Reddy et al. (2009), respectively. As explained in
Section 2.5, the inappropriate laboratory setup Reddy et al. (2009) used to measure the
cement pore pressure limits the external water supplement and induces the rapid and
excessive cement pore pressure decrease.
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(b ) P o r e p r e s s u r e a n d s h r in k a g e m e a s u r e m e n ts fr o m R e d d y e t al. (2 0 0 9 )
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Figure 3.9 Detailed examination of Case 1 and Case 2 measurements, and the correlation
with measurements from Reddy et al. (2009) and cement hydration stages.
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Heat generation

(c) Stages of cement hydration process

Figure 3.9 Detailed examination of Case 1 and Case 2 measurements, and the correlation
with measurements from Reddy et al. (2009) and cement hydration stages (Cont.).
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4. STAGED FINITE ELEMENT ANALYSIS APPROACH

4.1. CONSTITUTIVE LAW AND FAILURE CRITERIA
In th is s e c tio n , th e c o n s titu tiv e la w s u tiliz e d to s im u la te d if f e r e n t c o m p o n e n ts o f
th e c o m p o s ite w e llb o r e s y s te m a re in tr o d u c e d .

4.1.1.

Constitutive Law.

T h e c e m e n t a n d f o r m a tio n r o c k a re s im u la te d a s p o ro -

t h e r m a l- e la s tic m e d i a to a c c o u n t f o r th e p o r e p r e s s u r e a n d te m p e r a tu r e v a r ia tio n s d u r in g
th e c e m e n t h a r d e n in g p r o c e s s a n d s u b s e q u e n t o p e ra tio n s . M c T ig u e (1 9 8 6 ); P a lc ia u s k a s
a n d D o m e n ic o ( 1 9 8 2 ) in c lu d e d th e f a c to r o f te m p e r a tu r e in to th e p o r o -e la s tic ity
e q u a tio n s a n d d e v e lo p e d th e g o v e rn in g e q u a tio n s o f p o r o -th e rm a l- e la s tic ity . T h e
c o n s titu tiv e e q u a tio n s f o r th e r e la tio n s h ip a m o n g to ta l s tre s s, p o r e p r e s s u r e , a n d
t e m p e r a tu r e in 3 D s p a c e a re g iv e n b y :

Oij = IGaEij + ( K d -

Ekk8ij + aPS ij + n T S ^

( = UEij + (3P - Y2 T

(1 )

(2 )

w h e r e a tj a n d Etj a re th e to ta l s tre s s a n d s tra in te n s o r s , re s p e c tiv e ly . P a n d T r e p r e s e n t
th e p o r e p r e s s u r e a n d te m p e r a tu r e , r e s p e c tiv e ly . a d e n o te s th e b io t c o e ff ic ie n t. Kd a n d Gd
a re b u l k m o d u lu s a n d s h e a r m o d u lu s u n d e r d r a in e d c o n d itio n s , r e s p e c tiv e ly . £ r e p r e s e n ts
th e f lu id c o n te n t v a r ia tio n . E x p r e s s io n s o f a, Yi, P, a n d y 2 a re g iv e n b y :

11 -----Kd-

(3 )

Yi = Kd wm

(4 )

0 _ a-^ _

(5 )

a =

P

Ks

$
Ks + Kf

Y2 = v a m + ( af - a m)(p

(6 )
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w h e r e , Ks is b u l k m o d u lu s u n d e r d ra in e d c o n d itio n . a f a n d a m a re th e th e r m a l
e x p a n s io n c o e f f ic ie n ts f o r f lu id a n d so lid , re s p e c tiv e ly . 0 d e n o te s th e p o ro s ity . D a r c y ’s
la w a n d h e a t c o n d u c tio n e q u a tio n g o v e rn th e f lu id f lo w a n d h e a t tr a n s fe r , r e s p e c tiv e ly .
T h e f lo w r a te a n d h e a t a re s h o w n a s f o llo w :

I r = —P r ; V P

(7 )

JT = —cVT

(8 )

w h e r e , Pf is th e f lu id d e n s ity , k is th e p e r m e a b ility o f th e m e d iu m , v is th e k in e m a tic
v is c o s ity o f th e flu id , a n d c is th e th e r m a l c o n d u c tiv ity . B y c o m b in in g E q u a tio n (1 ) to
(8 ), e q u a tio n s f o r s tr o n g f o r m s o f p o r o - th e r m a l- e la s tic ity c a n b e o b ta in e d :

( K d + y ) V (V • u) + GdV2u + m ( a V P + y ^ T ) = 0

(9 )

a ( V • u ) + fiP - ^ V 2P - y 2T = 0

(1 0 )

pCpT — cV2T=0

(1 1 )

w h e r e , u is t h e d is p la c e m e n t v e c to r , m = [1,1,1,0,0,0]T f o r 3 - d im e n s io n a l p r o b le m s , a n d

pCpT is a b u l k p r o p e r ty p a r a m e te r r e p r e s e n tin g th e a v e ra g e d h e a t s to ra g e r a te b y th e
m a tr ix . I t n e e d s to b e n o te d t h a t u p p e r d o t r e p r e s e n ts th e d e r iv a tio n in tim e .

4.1.2.

Implementation with Finite Element Method.

Z ie n k ie w ic z (2 0 0 5 )

d e f in e d th e F E M a s “ a n u m e r ic a l m e th o d f o r f in d in g a p p r o x im a te s o lu tio n s t o b o u n d a ry
v a lu e p r o b le m s f o r p a rtia l d iff e re n tia l e q u a tio n s ( P D E ) ” . P h y s ic a l p r o c e s s e s c a n b e
c h a r a c te r iz e d b y th e g o v e r n in g P D E a n d th e c o r r e s p o n d in g b o u n d a r y c o n d itio n s o f th e
p r o b le m a c tin g i n /o v e r a s p e c if ic d o m a in (i.e . a n a re a o r v o lu m e ) . In th is s tu d y , th e F E M
is u tiliz e d to s o lv e th e g o v e r n in g P D E s a n d o b ta in s o lu tio n s a t n o d e s a n d e le m e n ts
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t h r o u g h o u t t h e m o d e lin g d o m a in . T h e d is p la c e m e n t u , p o r e p r e s s u r e p , a n d te m p e ra te

T a re c a lc u la te d u s in g th e a p p r o x im a tio n o f G a le rk in M e th o d :
u = Nuu ; P = NPP ; T = Nt T

(1 2 )

w h e r e , Nu, N p , a n d NT d e n o te th e s h a p e f u n c tio n s f o r th e d is p la c e m e n t, p o r e p r e s s u r e ,
a n d te m p e r a tu r e , r e s p e c tiv e ly . u , P , a n d f a re th e n o d a l v a r ia b le s f o r th e d is p la c e m e n t,
p o r e p r e s s u r e , a n d te m p e r a tu r e , re s p e c tiv e ly . E q u a tio n s o f w e a k f o rm s c a n b e f u rth e r
o b ta in e d b y in te g r a tin g E q u a tio n (1 2 ) to E q u a tio n (9 )-(1 1 ):

M u - A P + VT = f u

(1 3 )

A t u + SP + HP - N T = f p

(1 4 )

+ Q dT = 0

(1 5 )

M = L B t D B dO.

(1 6 )

A = fn B Ta m NP dO

(1 7 )

V = f n B Tn m N t dO

(1 8 )

S = j a N l j3 NP dO

(1 9 )

Rf

H = fa (VNP) T Q

(VNP) dO

(2 0 )

N = f a N f Y2 N t dO

(2 1 )

R = f ^ N f NT dO

(2 2 )

QD = f a ( VNT) T ( ( V N t ) d O

(2 3 )

K p s g d O + f r N% t d r

(2 4 )

f u = fa

f e = Sa (VNP) T ® P , g d O -

fr n £ ± d r

(2 5 )
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w h e r e , B a n d D r e p r e s e n t th e s tr a in - d is p la c e m e n t m a tr ix a n d th e s tra in - s tr e s s
c o n s titu tiv e m a tr ix , r e s p e c tiv e ly . f u is th e e x te rn a l lo a d in g f o rc e v e c to r th a t r e p r e s e n ts
th e in e r tia l f o r c e s a n d tr a c tio n s a c tin g a t th e b o u n d a ry . f p is a s o u rc e te r m o f th e flu id , p s
is th e r o c k d e n s ity , q is th e f lu id flu x , a n d t is th e tr a c tio n fo rc e e x e rte d b y th e flu id .
E q u a tio n ( 1 3 ) - ( 1 5 ) c a n b e n o w r e s h a p e d in m a tr ix fo rm :

0

0

at

s

0
-

n

u
V +

M
0

.f.

-A
H

V
0

ru

-£U(2 6 )

V
If.

0

T h e n , w ith a p p r o p r ia te b o u n d a r y c o n d itio n s , E q u a tio n ( 2 6 ) c a n b e s o lv e d b y th e
f in ite e le m e n t s im u la to r f o r th e d is p la c e m e n t, p r e s s u r e , a n d te m p e ra tu re . I n th is s tu d y ,
th r e e d im e n s io n 8 - n o d e h e x a h e d r a l e le m e n ts a re u s e d , a n d th e c o m m e ric a l f in ite e le m e n t
s im u la to r A b a q u s ™ ( S I M U L I A , 2 0 2 0 ) is s e le c te d d u e to its e ffic ie n c y , r e s o u r c e f u ln e s s ,
a n d e x p a n s ib ility .

4.1.3. Interface Behavior.

A s in tr o d u c e d a b o v e , M A a re d e b o n d in g f ra c tu r e s

g e n e r a te d a t th e c e m e n t- c a s in g a n d th e c e m e n t- f o r m a tio n in te r f a c e s d u e to th e ra d ia l
s tr e s s e x c e e d in g th e t e n s ile b o n d in g s tre n g th . In th is s tu d y , th e c e m e n t- c a s in g a n d th e
c e m e n t- f o r m a tio n in te r f a c e s a re d e fin e d a s a c o n ta c t s u rfa c e w ith c o h e s iv e b e h a v io r. A
q u a d r a tic t r a c tio n s e p a r a tio n la w is u s e d to d e fin e th e d e b o n d in g f r a c tu r e in itia tio n a n d
lin e a r s o f te n in g t r a c tio n s e p a r a tio n la w is u s e d to g o v e r n th e d e b o n d in g f r a c tu r e a p e rtu re
e v o lu tio n ( F ig u r e 4 .1 ; S I M U L IA , 2 0 1 7 ). O A r e p r e s e n ts th e p r e - d a m a g e b e h a v io r , w h ic h
is a s s u m e d to b e lin e a r e la s tic in th is s tu d y . O n c e th e tr a c tio n a t th e n o r m a l d ire c tio n ( t n)
o r a t s h e a r d ir e c tio n s ( t s a n d t t ) o f th e in te r f a c e r e a c h th e c ritic a l s tr e n g th ( t 0 a t p o in t A ),
d a m a g e o c c u r s b e tw e e n t h e c o n ta c t s u rf a c e s a n d a d e b o n d in g f ra c tu r e w ith a n a p e rtu re o f

Sini is f o rm e d . A B s ta n d s f o r th e d a m a g e e v o lu tio n p ro c e s s , w h e r e th e d e b o n d in g f ra c tu r e
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f u r th e r o p e n s a n d th e tr a c tio n s o n th e c o n ta c t k e e p d e c re a s in g . P o in t B r e p r e s e n ts th e
c o m p le te f a ilu r e t h a t d e n o te s th e c o n ta c t is f u lly d e b o n d e d w ith o u t a n y r e s id u a l tr a c tio n
a c tin g . A q u a d r a tic in te r a c tio n f u n c tio n in c lu d in g n o m in a l s tre s s ra tio s a re u s e d to
d e te r m in e th e f a ilu r e a t p o in t A :

(2 7 )

w h e r e , t n , t s , a n d t t a re t r a c tio n v a lu e s o f th e n o rm a l a n d tw o ta n g e n tia l c o m p o n e n ts
a c ro s s th e c o n ta c t in te r fa c e . t° , t° , a n d

r e p r e s e n t th e p e a k v a lu e s o f th e c o n ta c t s tre s s

w h e n th e s e p a r a tio n is e ith e r p u r e ly n o r m a l to th e in te r f a c e o r p u r e ly in th e ta n g e n tia l
d ire c tio n s . T h e M a c a u la y b r a c k e t < > r e f e rs to:

t n,
n>

tn > 0(tension)

<tn) = [0
0 t n < O ( c o m p r e s s io r i)

(2 8 )

W h e n th e tr a c tio n n o r m a l to th e c o n ta c t in te r f a c e is te n s ile , th is n o r m a l tr a c tio n
c o n tr ib u te s to th e d a m a g e ; w h e n th e n o rm a l tr a c tio n is c o m p r e s s io n a l, it h a s n o
c o n tr ib u tio n to th e d a m a g e . I t n e e d s to b e n o te d th a t b a s e d o n E q u a tio n 4 a p u r e
c o m p r e s s iv e t r a c tio n c a n n o t in d u c e th e d a m a g e in itia tio n o n th e c o n ta c t in te rfa c e .
T h e d a m a g e e v o lu tio n is a s s u m e d to f o llo w th e B e n z e g g a g h - K e n a n e f r a c tu r e
e n e rg y c r ite r io n in th is s tu d y ( B e n z e g g a g h a n d K e n a n e , 1 9 9 6 ):

(2 9 )

Gn,Gs , a n d Gt a re th e e n e rg ie s e x e rte d f ro m d e f o r m a tio n s a lo n g th e n o r m a l, th e
f ir s t s h e a r, a n d th e s e c o n d s h e a r d ire c tio n s , re s p e c tiv e ly ; G%,GSC, a n d G£ a re th e c ritic a l
e n e rg ie s r e q u ir e d to in d u c e f a ilu re a lo n g th e n o r m a l, th e f ir s t s h e a r, a n d th e s e c o n d s h e a r
d ire c tio n s , r e s p e c tiv e ly ; Gs = Gs + Gt is th e to ta l e n e rg y e x e rte d f ro m d e fo r m a tio n s
a lo n g th e f ir s t a n d th e s e c o n d s h e a r d ire c tio n s ; GT = Gn + Gs + Gt is th e to ta l e n e rg y
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e x e r te d f ro m d e f o r m a tio n s a lo n g th e n o r m a l, th e f ir s t s h e a r, a n d th e s e c o n d s h e a r
d ire c tio n s ; Gc = G% + Gg + Gtc is th e to ta l f ra c tu r e e n e rg y r e q u ir e d to in d u c e fa ilu re
a lo n g th e n o r m a l, th e f ir s t s h e a r, a n d th e s e c o n d s h e a r d ire c tio n s ; y is a d im e n s io n le s s
p a r a m e te r r e la te d to th e m a te ria l p ro p e rty . T h e B e n z e g g a g h - K e n a n e c r ite r io n h a s a h ig h e r
a c c u r a c y d e s c r ib in g s itu a tio n s w h e r e th e c ritic a l f ra c tu r e e n e rg ie s a lo n g th e f ir s t a n d th e
s e c o n d s h e a r d ir e c tio n s a re s im ila r in m a g n itu d e (G sc = G f ) ( B e n z e g g a g h a n d K e n a n e ,
1 9 9 6 ; W a n g , 2 0 1 5 ; S I M U L I A , 2 0 2 0 ).

F ig u r e 4 .1 T h e illu s tr a tio n o f th e tr a c tio n s e p a r a tio n la w .

4.1.4. Shear Failure Criteria.

T h e M o d if ie d D r u c k e r - P r a g e r m o d e l is a n

e x te n s iv e ly u s e d c r ite r ia to s im u la te th e p r e s s u r e - d e p e n d e n t y ie ld o f c o h e s iv e g e o lo g ic a l
m a te r ia ls ( M e n e tr e y a n d W illa m , 1 9 9 5 ). T h e p - t s u rfa c e ( y ie ld s u rfa c e ) o f th e M o d if ie d
D r u c k e r - P r a g e r / C a p m o d e l is illu s tr a te d in F ig u r e 4 .2 . T h e lin e a r p a rt is a p la s tic y ie ld
s u rf a c e th a t g o v e r n s th e p r e s s u r e - d e p e n d e n t D r u c k e r - P r a g e r s h e a r fa ilu re . T h e c u rv e d
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lin e is th e c a p s u r f a c e t h a t r e p r e s e n ts th e c o m p a c tio n c a u s e d b y th e p la s tic flo w . T h e
D r u c k e r - P r a g e r f a ilu r e s u rf a c e is w r itte n as:

Fs = t — p t a n ip — Sd = 0

(3 0 )

w h e r e ^ a n d Sd d e n o te th e a n g le o f f r ic tio n a n d th e c o h e s io n o f th e m a te ria l,
r e s p e c tiv e ly . T h e d e v ia to r ic s tre s s m e a s u r e t is e x p re s s e d as:

t=\L [ l+

i

— ( l — i ) ( I ) 3]

1

w h e r e , p = — t r a c e ( o ) is th e e q u iv a le n t p r e s s u r e stre s s. L =

(3 1 )

3

l S : S is th e M is e s

1
e q u iv a le n t s tre s s . r = ( - S : S • S)3 is th e th ir d s tre s s in v a r ia n t. S = a + p i is th e

d e v ia to r ic s tre s s . K is a m a te r ia l p a r a m e te r e q u a l to th e r a tio s o f th e y ie ld s tre s s in tria x ia l
t e n s io n to th e y ie ld s tre s s in tr ia x ia l c o m p r e s s io n th a t d e s c r ib e s th e r e la tio n s h ip b e tw e e n
th e y ie ld s u rf a c e a n d th e v a lu e o f th e in te r m e d ia te p rin c ip a l s tre s s, a s s h o w n in F ig u re
4 .3 .

F ig u r e 4 .2 Y ie ld s u rf a c e s in t h e p - t p la n e o f th e lin e a r D r u c k e r - P r a g e r m o d e l.
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F ig u r e 4 .3 T y p ic a l y ie ld s u rf a c e s in th e d e v ia to ric p la n e a n d th e r e la tio n s h ip b e tw e e n th e
y ie ld s u r f a c e a n d th e v a lu e o f th e in te r m e d ia te p r in c ip a l stre ss.

T h e d a m a g e p la s tic ity m o d e l d e v e lo p e d b y L u b lin e r e t al. (1 9 8 9 ) a n d L e e a n d
F e n v e s ( 1 9 9 8 ) is u s e d to a n a ly z e th e d a ta f ro m tr ia x ia l c o m p r e s s io n te s t o f c la s s G
c e m e n t to o b ta in p o s t- f a ilu r e p a ra m e te rs f o r th e n u m e r ic a l m o d e l ( A r jo m a n d e t al., 2 0 1 8 ).
T h e r e la tio n b e tw e e n th e t e s t d a ta a n d p o s t- f a ilu r e p a ra m e te rs is s h o w n b e lo w
( S IM U L IA , 2 0 2 0 ):

el _ °c
b0c = '
h0
in
?pl
'c

in _
c

(3 2 )

el
^0c

(3 3 )

dc &c
(1-dc) Eo

(3 4 )

w h e r e , a c is t h e a x ia l c o m p r e s s iv e stre s s; £ qc1 is th e e la s tic s tra in m e a s u r e d a t th e e n d o f
th e e la s tic p e rio d ; E 0is th e Y o u n g ’s m o d u lu s m e a s u r e d a t th e e n d o f th e e la s tic p e rio d ;
, and

r e f e r to e q u iv a le n t p la s tic a n d in e la s tic s tra in s ; d c is th e d a m a g e in d e x
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describing the severity of damage. The triaxial test data of Class G cement cured at
1000 psi (6.89 MPa) and 100 °F (37.78 °C) from Philippacopoulos and Berndt (2001) is
used to calculate the input parameters (i.e. i ^ 1) for the Drucker-Prager failure criterion.
4.1.5.

Simulation of Radial Cracks: Extended Finite Element Method. The

Extended Finite-Element Method (XFEM) is a development of the Finite Element
Method (FEM) based on the theory of partition of unity (Moes et al., 1999). Compared
with the discontinuity re-meshing approach of the conventional FEM, XFEM improves
the efficiency of modeling discontinuities significantly by introducing an additional
degree of freedom and including the special element enrichment function (Belytschko
and Black, 1999; Moes et al., 1999). The XFEM is commonly used in modeling fracture
initiation and propagation associated with hydraulic fracturing (Feng and Gray, 2017;
Kumar et al., 2017). This study utilizes XFEM in order to simulate the initiation of radial
cracks within the cement.
The enrichment function in the XFEM includes three parts: a conventional shape
function for the finite element solution of the continuous part, a near-tip asymptotic
function describing the singularity around the fracture tip, and a discontinuous function
defining the displacement jump across the fracture interface (SIMULIA, 2020). The
approximation of a displacement vector function u x with the partition of unity
enrichment can be expressed:
u x = 1Z ^=1NI(x ) [uI + H (x ) a I + E £ = i F0)(x ) b f ]

(35)

where N j ( x ) is the nodal shape function; H ( x ) is the discontinuous jump function across
the fracture interface; F0J(x ) is the elastic asymptotic crack-tip function; Uj is the nodal
displacement vector related to the continuous part of the finite element solution; a.j is the
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nodal enriched degree of freedom vector on the fracture interior; b < fis the product of
the nodal enriched degree of freedom vector on the fracture tip. The discontinuous jump
function H ( x ) has a value of 1 and changes sign when it crosses the fracture interface.
The asymptotic function F0J(x ) for isotropic elastic material is given by:
Fco( x ) =

[Vr s i n ^ , V r c o s ^ , V r s i n d s i n ^ , V r sinO cos j ]

(36)

where (r, 6 ) is the coordinate of a polar coordinate system which origin locates at the
fracture tip and 6 =0 is tangent to the fracture at the tip.

4.2. MODEL SETUPS AND LOAD STEPS
The setups of the staged FEA model utilized in this study and loads applied
during each step are introduced in this section.
4.2.1.

Model Setups. In this study, numerical models representing the central

sections of a cased borehole (Figure 4.4) are simulated to eliminate the influence of the
casing shoe and perforation channels. The modeling domain is built and discretized using
Altiar HypermeshTMand the numerical models are calculated by the commercial finite
element package of Abaqus™ (SIMULIA, 2017). Due to symmetry conditions and to
improve numerical efficiency, the model geometries are reduced to a quarter
representation of an entire wellbore. The model domain includes a 51 in casing, cement
sheath, and a formation component with a 7- in borehole (Figure 4.4). The dimension of
the model is 1m*1m*0.1m, which is determined to eliminate boundary effects and
maximize computational efficiency.
Cement and formation components are simulated as thermo-poro-elastic
materials, the casing is modeled as a thermo-elastic material. 3D linear hexahedron
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elements that support temperature (all elements) and pore pressure (cement and
formation elements) degrees of freedom are used. In order to ensure accuracy of the
results a mesh sensitivity analysis has been conducted and compared to the analytical
solution before the cement hardening step. Interface bonds featuring the cohesive contact
behavior governed by a quadratic traction-separation law (SIMULIA, 2020) are inserted
between casing-cement and cement-formation components, which is assumed to be
uniform and isotropic. The cement component is simulated with the 3D hexahedron
elements that have XFEM definitions to better characterize the onset of radial cracks and
shear failure. Material properties and XFEM input parameters are explained in detail in
Section 5.1.

Figure 4.4 The modeling domain of this study and the dimension of the model

62

4.2.2. Load Steps During Wellbore Lifecycle. The staged FEA approach of
this study includes 6 load steps which are based on the general stages during the life span
of an injection well (Figure 4.5). Input parameters such as, in-situ stresses, pore pressure,
drilling mud pressure, cement slurry pressure, hydraulic fracturing pressure, and fluid
injection pressure are presented in detail in the Section 5.1. A static pre-stressing load
step to obtain an equilibrated gravitational-loaded state of stress is applied before drilling
(e.g. Eckert and Liu, 2014; Eckert and Zhang, 2016).
Step1 Pre-stressing. In this step, the in-situ stress field is applied to the intact
formation. The pore pressure in the model domain is set to be uniform and hydrostatic.
Step2 Drilling. In this step, a cylindrical volume of rock is removed from the
borehole location and a uniform mud pressure is applied on the surface of the borehole
wall.
Step3-1 Casing. Casing elements are introduced in this step. Equal mud
pressures are applied on the inner and outer casing walls.
Step3-2 Cementing. A cement slurry pressure is applied on the inner wall of the
formation and outer wall of the casing to represent the fluid pressure from the cement
slurry column. The cement elements are added to the model. The inner surface of the
casing is loaded with the mud pressure.
Step4 Cement hardening. An initial state of stress equal to the hydrostatic
pressure of the cement slurry minus pore pressure is applied to the cement. Then the
cement shrinks volumetrically and drops in pore pressure as the cement develops the
poro-elastic properties during the transition from immobile viscoelastic solid to a fully
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poro-elastic solid. Detailed simulation setups and corresponding assumptions are
presented in Section 4.3.
Step5 Completion. The mud pressure applied on the inner casing wall is replaced
with the completion fluid pressure, which equals the hydrostatic pore pressure.
Step6 Injection. The entire model is in a uniform formation temperature at the
beginning of this step. A temperature boundary condition and an injection pressure are
assigned gradually at the inner casing to represent the cooling of the injecting fluid. The
injection stage in this study includes two processes (Cobb and James, 2001; Economides
et al., 2012):
Charging Process: the injection pressure load is increased from hydrostatic
pressure to the designed injection pressure and a boundary condtion of decreasing
temperature is applied on the inner casing.
Plateau Process: the injection temperature and pressure are maintained over a
designated injection period.
The 6 loading steps represent a common multi-staged modeling setup (Ravi et al.,
2002; Gray et al., 2009; Nygaard et al., 2014) that enables a continuous simulation of the
state of stress, displacement, and temperature variations during the entire wellbore
lifecycle. In-situ state of stress in the formation and stress disturbances induced by
drilling, casing, cementing, completion, and injection/production operations can be
simulated continuously. For a certain stage of the wellbore lifecycle, the state of stress in
the wellbore system is the cumulative product of all previous operations/processes.
Subsequent failure simulation can be performed on basis of this representative state of
stress, which significantly improve the representation and the accuracy of the simulation
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results. In addition, this multi-staged FEA framework has an excellent potential and
wide applicability to incorporate new load steps or operational processes thus to be
extended to investigate case-specific scenarios. For example, a hydraulic fracturing step
with cyclic loads can be added before completion, and a long-term cement geo-chemical
degradation process can also be simulated after the Injection step. Hence, this approach is
utilized in this study.

Figure 4.5 6 loads steps in the staged FEA approach to simulate loads arising during the
wellbore lifecycle.
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4.3. NUMERICAL CHARACTERIZATION OF CEMENT HARDENING
In order to simulate a representative evolution of the effective state of stress in the
cement during the hardening process, the volume variation, poro-elastic property
evolution, and the pore pressure evolution during the cement hydration are the essential
physical processes that have to be accounted for (Bois et al., 2012; Samudio, 2017). For
the simulations presented, the time span of the cement hardening is assigned to be 48
hours, which is a normal wait on cement (WOC) time and the testing time for most
experimental studies (Bourissai et al., 2013; Samudio, 2017). During this period, the
cement slurry transfers into a poro-elastic solid and the state of stress is established.
Hence, input parameters for this time span are collected from experimental and
theoretical studies performed under conditions that are similar to the downhole conditions
simulated in this study.
As mentioned in Section 2.1.2, the cement volume variation during hardening is
the combined result of multiple chemical, physical, and mechanical processes that are
associated with the hydration reaction. In terms of the mechanical influence of shrinkage,
numerical investigations of Thiercelin et al. (1998), Bois et al. (2011, 2012) and Zhang
and Eckert (2018) proposed that the bulk shrinkage measured as the external volume
reduction cannot have a 100% elastic response to the system. Otherwise radial and
circumferential fractures would inevitably occur in the cement during hardening, which
are also not observed in laboratory studies. Since a continuum mechanics based finite
element approach is utilized, the key assumption to simulate the bulk shrinkage
numerically is that the various physical and chemical processes of the hydration reaction
(during hardening) can be represented by mechanical processes, and hence can be
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modeled as a poro-elastic bulk shrinkage process. Several assumptions are necessary
for this approach:
•

As shown in Figure 4.6, poro-elastic bulk shrinkage is assumed to start when the
cement completely becomes immobile (~10 hours, during Stage III, shortly after
Initial Set). By this time, the cement permeability has become low enough to act
as a hydraulic seal and thus the cement pore pressure starts to decrease (Appleby
and Wilson 1996; Kurdowski, 2014; Zhang et al. 2019). All the shrinkage prior to
the cement being immobile is assumed to be zero, since the volume variation can
be compensated by the flow of the slurry. Hence, for bulk shrinkage data adapted
from Chenevert and Shrestha (1991), only the amount of bulk shrinkage occurring
after this time point (10 hours) is taken into consideration.

•

A compressive effective state of stress (equal to the cement slurry pressure minus
the hydrostatic pore pressure) is applied as the initial state of stress for the cement
hardening simulation. This assumption implies that the total stress in the cement
equal to the cement slurry pressure before the poro-elastic bulk shrinkage takes
effect, which is supported by Bois et al. (2012) and Lavrov (2018). As mentioned
in Section 2.4.3, this state of stress is based on facts that the shrinkage with the
poro-elastic response and induces tensile stresses has not yet occurred in the
cement at the beginning of the simulation period for the cement hardening. Hence,
this assumption is representative and reasonable.

•

A certain portion of the bulk shrinkage is assumed to have an elastic response.
The bulk shrinkage data measured from laboratory test (Chenevert and Shrestha,
1991) is multiplied by the ratio, 5, which is termed as the poro-elastic bulk
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shrinkage coefficient. An estimate of 50% is assumed initially and subsequent
validation/ benchmarking analyses are designed and performed to calibrate the s
value. Future laboratory investigations that monitor the stress and strain variations
during hardening need to be performed to further support this assumption and
quantify the evolution of s.
•

In order to simplify the simulation of the coupled chemical-thermo-poro-elastic
processes during cement shrinkage, this study simulates the shrinkage process as a
time-dependent bulk volume variation and continuously updates the cement poroelastic properties and the pore pressure during the cement hardening simulation.
This function is achieved with the time-dependent field function in Abaqus
Standard.

C em en t h a rd en in g sim u lation o f
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Figure 4.6 Illustration of the simulation period among five hydration stages of cement
hardening.
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5. INTEGRATED APPROACH AND RESULT CALIBRATION

In this section, laboratory measurements, from both this study and previous
experimental studies performed under similar conditions, are integrated with the staged
FEA approach. Input material properties, in-situ stresses, loads, shrinkage values, and
other parameters that represents downhole conditions of 1000 m are collected and
introduced. In order to calibrate the cement failure criteria assigned in the numerical
section (staged FEA approach) of the integrated approach and the corresponding
assumptions, two validation analyses are performed, and the results are calibrated against
the laboratory observations.

5.1. INTEGRATE LABORATORY MEASUREMENTS WITH STAGED FEA
In this section, the application of the laboratory measurements to the staged FEA
framework is presented.
5.1.1. Input Parameters. As introduced in the Section 4.2, cement and
formation are defined as thermo-poro-elastic material and casing is assigned as thermo
elastic material. Drucker-Prager failure criteria is assigned to the cement and formation
Table 5.1 lists material properties of cement, formation, and casing. Casing material
properties are adapted from Roy et al. (2016). Cement properties are collected for Class
G cement with a w/c of 0.44 and cured for 48 hours under the pressure and temperature
that are closest to downhole conditions of 1000 m. Young’s modulus, Poisson’s ratio, and
tensile strength are collected from Gunner et al. (2014) and Bourissai et al. (2013). As
mentioned in Section 4.14, the triaxial test data from Philippacopoulos and Berndt (2001)
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is u s e d to c a lc u la te th e in p u t p a r a m e te r s (i.e . i ^ 1) f o r th e D r u c k e r - P r a g e r f a ilu re
c rite r io n . F o r m a tio n r o c k is a s s u m e d to b e s a n d s to n e a n d p r o p e r ty p a r a m e te r s a re a d a p te d
f ro m B u s e tti e t al. ( 2 0 1 2 ) a n d R o y e t al. (2 0 1 6 ). T h e r m a l p r o p e r tie s a re a d a p te d f ro m R o y
e t al. ( 2 0 1 6 ). I t n e e d s to b e n o te d th a t th e c e m e n t p r o p e r tie s s h o w n in T a b le 5.1 r e p r e s e n t
th e b e h a v io r o f c e m e n t a f te r h a rd e n in g .

T a b le 5.1 M a te r ia l p r o p e r tie s f o r th e c a s in g , c e m e n t, a n d f o r m a tio n c o m p o n e n ts .
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since they are largely affected by the curing condition of cement. Hence, the deviation
between the curing condition from each study and downhole conditions of 1000 m can be
minimized and the accuracy of the model can be improved. Figure 5.1 shows the degree
of hydration and poro-elastic bulk shrinkage varying with time for the cement cured
under conditions of Case 1 and Case 2 of this study (see Section 3.2.2). Figure 5.2 shows
relationships between Young’s modulus, Poisson’s ratio, and grain bulk modulus with
degree of hydration.

DoH of Case 1
DoH of Case 2
JZ .g 0.3
a 0.2

Shr inkage of Casel
Shr inkage of Case2

Curing tmie (hours)
Figure 5.1 Input poro-elastic bulk shrinkage (adapted from Chenevert and Shrestha, 1993
and Mounanga et al. 2004) and the input degree of hydration varying with time (adapted
from Pang et al. 2013) for cement hardening under testing conditions of Case 1 and 2.

In regard to the cement pore pressure, the laboratory measurements during the
simulating period (see Figure 3.5 in Section 3.3.1) are inputted into the cement hardening
process of the staged FEA approach. The pore pressure measurements by this study can
represent the pore pressure variation in the cement sheath at a depth of 1000 m, because
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the innovative experimental setup provides the pressure, temperature, and water supply
that represent downhole conditions of 1000 m. As is mentioned in Section 4.3, the
simulation of cement hardening is designed to start from the moment the cement pore
pressure starts to decrease from hydrostatic pressure, which is approximately the time
cement loses its mobility and starts to set. For Case 1 and Case 2, simulation starts from
14.9 h and 5 h, respectively, and simulation both ends at 48th hour.

Figure 5.2 The input parameters of grain bulk modulus (Kg), Young’s modulus (E), and
Poisson’s ratio (v) with respect to the degree of hydration (£) for Class G cement with a
w/c=0.44. The grain bulk modulus is calculated from the poro-elastic parameters from
Samudio (2017). The Young’s modulus and Poisson’s ratio data is adapted from
Bourissai et al. (2013) and converted from dynamic values to static values based on the
approach of Lee et al (2017).

In addition, for a scenario to investigate the influence of temperature fluctuation,
this temperature fluctuation during cement hardening is simulated in two stages. The first
stage is a pure heat conduction process using the temperature increase in the cement (blue
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lin e in F ig u r e 5 .3 ) a s a n i n p u t to p r e d ic t th e te m p e r a tu r e v a r ia tio n in th e e n tir e m o d e l
d o m a in . T h e n , th e r e s u ltin g t e m p e r a tu r e fie ld is a p p lie d a s th e in itia l c o n d itio n f o r th e
s e c o n d s ta g e , d u r in g w h ic h th e c e m e n t te m p e r a tu r e v a r ia tio n ( g re e n lin e in F ig u r e 5 .3 ) is
c o u p le d w ith th e o th e r p h y s ic a l p r o c e s s e s (i.e ., p o r o -e la s tic ity , p o r e p r e s s u r e , a n d
s h r in k a g e v a ria tio n s ) .

Heat conduction
simulation

Mechanical simulation of the cement hardening process
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5.1.2. Input Loading Parameters.
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5 .2 ). P o r e p r e s s u r e in th e f o r m a tio n is a s s u m e d to b e e q u a l to th e h y d r o s ta tic p r e s s u r e
b y fre s h w a te r ( p

= 1000 k g / m 3).

O v e r b a la n c e d d r illin g is im p le m e n te d w ith a m u d p r e s s u r e o f 12 M P a , w h ic h
in d ic a te s th e m u d w e i g h t is 1 0 .2 p p g . D u r in g th e c e m e n tin g jo b , th e w e ig h t o f th e c e m e n t
s lu r r y is a s s u m e d to b e 1 1 .9 p p g w h ic h r e s u lts in a c e m e n t s lu rry p r e s s u r e o f 14 M P a .
A n in je c tio n p r e s s u r e o f 1 2 .8 M P a ( e q u a l to 1.3 tim e s o f p o re p re s s u re ,
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s id e o f th e c a s in g d u r in g th e I n je c tio n ste p . B e f o r e in je c tio n , th e f o rm a tio n te m p e r a tu r e is
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t e m p e r a tu r e a t th e i n n e r c a s in g is a s s u m e d to d e c re a s e a t a ra te o f 3 ° C /m in d u r in g th e
C h a r g in g p r o c e s s (1 0 m in u te s ) , a n d th e te m p e r a tu r e is k e p t s ta b le a t 5 ° C d u r in g th e
P la te a u p r o c e s s (4 0 h o u r s ) . T h e s e tu p o f th e I n je c tio n s te p r e p r e s e n ts a c o m m o n s c e n a rio
o f in je c tin g s u rf a c e w a t e r (i.e ., s e a w a te r ) d u r in g o p e ra tio n s in w in te r.
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Figure 5.4 The setup of the temperature boundary conditions.

5.1.4.

Scenarios Tested. In this study, the measured cement pore pressure from

Case 1 and Case 2 are both applied to the staged FEA models as shown in Table 5.3.
Since Case 2 is performed under downhole conditions of 1000 m, the numerical
extension of Case 2 (NR-Case2-48h) is also the base case scenario of Staged Downhole
Condition Scenarios (SDCS). Moreover, eight Staged Downhole Condition Scenarios are
tested to strengthen the understanding of the cement hardening process and investigate
the influence of cement hardening process on the cement failure occurrence during
subsequent operations. Table 5.4 lists Staged Downhole Condition Scenarios for
sensitivity analysis.

Table 5.3 Numerical extension of Case 1 and Case 2 for cement hardening process.
C a se C o d e fo r c e m e n t
h a r d e n in g

D e sc r ip tio n

NR-Casel-48h

Cement hardening simulation for the cement curing
under conditions of Case 1 during the first 48 hours.

NR-Case2-48h
(SDCS-BaseCase)

Cement hardening simulation for the cement curing
under conditions of Case 2 during the first 48 hour.
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Table 5.4 Staged Downhole Condition Scenarios (SDCS) investigated in this study.
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5.2. BENCHMARKING AND RESULT CALIBRATION
In order to ensure the validity of the results with respect to the staged FEA
approach, the failure criteria used, and the corresponding assumptions, the modeling
procedure described in Section 4 is used to reproduce both the well documented
experiment of Jackson and Murphey (1993) and the heating test performed by this study
with the laboratory setup described in Section 3. Once the numerical modeling approach
is benchmarked, the results of the sensitivity analyses are used to discuss differences and
the importance of simulating downhole conditions.
5.2.1.

The Experiment of Jackson and Murphey (1993). The laboratory

experiment apparatus of Jackson and Murphey (1993) includes a 5 in. inner casing, a 7 in.
outer casing, and Class G cement in the annulus. The cement is cured under 120 °F and
1000 psi for 69 hours, Then, the pressure is bled and a 100 psi air pressure difference is
attached between the top and bottom of the annulus. Pressure cycles are assigned at the
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inner casing with the annulus gas flow continuously monitored during the test, which
includes the following procedures:
•

Start with an initial inner casing pressure of 1000 psi, increase the inner casing
pressure to 2000 psi, and keep the apparatus undisturbed for 10 minutes.

•

Bleed back the pressure to 1000 psi and keep the apparatus undisturbed for 10
minutes.

•

Repeat (1) and (2) with a 2000 psi increment until the maximum testing pressure
of 10000 psi.

Several observations are reported by Jackson and Murphey (1993):
•

No gas flow is detected at the maximum inner casing pressure during each pressure
cycle.

•

No gas flow is detected during the entire cycle with 8000 psi maximum pressure.

•

At the pressure cycle with 8000 psi maximum pressure, gas flow occurs when the
inner casing pressure is bled down from 8000 psi to 1000 psi.
After the cement is set, the inner casing pressure (testing pressure) is increased

from the curing pressure (1000 psi) to a maximum value then decreased to 1000 psi. The
maximum inner casing pressure that the system can withstand without cement failure is
recorded as Ptolerance.
The staged FEA approach used in this study is utilized to adjust the apparatus of
Jackson and Murphy into numerical models and simulate all load procedures during the
cement curing and further pressure testing. Since the cement is cured under 120 °F
(48.9 °C) and 1000 psi (6.89 MPa) for 69 hours, the material properties of the cement are
the same as for the SDCS-BaseCase (Table 5.4 and Figure 5.1). The cement shrinkage
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magnitude is adapted from Chenevert and Shrestha (1993) with an initial poro-elastic
bulk shrinkage coefficient (s) estimate of 0.5 (Figure 5.2). After the cement is set,
pressure cycles are simulated. The inner casing pressure is increased from the curing
pressure (1000 psi) to a maximum value then decreased to 1000 psi. The maximum inner
casing pressure that the system can withstand without occurring failure is recorded as
Ptolerance.
In the numerical modeling adaptation, the state of stress at the cement elements
adjacent to the inner casing (i.e., termed ‘inner cement’) is recorded and presented from
the beginning of the pressure cycle to the occurrence of cement failure; pressure cycles
with lower pressure for which no failure occurrence are not presented. Failure is assessed
(i.e., Ptolerance is recorded) based on the occurrence of plastic shear strain (i.e., the
numerical approach applies a Drucker-Prager failure criterion with the strength properties
shown in Table 1). Figure 6a shows the radial and hoop stresses at the inner cement and
the contact pressure between the inner casing and the cement with respect to changes of
the testing pressure imposed on the inner casing after cement hardening. The modeling
results show that shear failure occurs when the inner casing pressure reaches 49.5 MPa
(Ptolerance). During this period, the inner cement radial stress (yellow line) increases from 2.1 MPa to 27.6 MPa and the casing-cement contact pressure (red dashed line) increases
from 3 MPa to 22 MPa (Figure 6a). Ptolerance of the numerical solution (Figure 6b, blue
dot, 49.5MPa) is centered within the pressure range (shaded blue region) for which
annular flow (indicating a permeability increase due to shear failure) has been observed
after the inner casing pressure is removed by Jackson and Murphey (1993). This result is
also close to the Ptolerance range (between the two black dashed lines) observed from
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similar experiments by Goodwin and Crook (1992), and to a minimum value suggested
for Ptolerance (red cross) by Therond et al. (2017). In addition, the final hoop stress is -1.9
MPa, indicating a likelihood for radial cracks to initiate, as proposed by Bois et al.
(2011). Since the simulation result is in agreement with the laboratory observations, the
initial estimate of s (0.5) is preliminarily applied in the stage downhole conditions
scenarios (Table 2). A sensitivity analysis of this parameter is performed in Section 5.3.
5.2.2. Benchmarking with the Heating Test. In order to further ensure the
validity and accuracy of the staged FEA approach used in this study, the cement
hardening and heating test processes of Case 3 are reproduced numerically. The poroelastic bulk shrinkage coefficient is assigned an exemplary value of 0.5 (see Section 4.3).
The pore pressure measurement during the heating test period of Case 3 (from 48th to 50th
hour) is shown in Figure 5.6a. Figure 5.6b shows the modeling results of the temporal
variation of the minimum principal stress (Smin) close to the top of the sensor. Figure 5.7a
shows the tensile minimum principal stress (Smin<0 MPa) at the middle intersection of the
sample from modeling results. Postmortem analysis was performed by breaking the
sample into halves after the end of the test (after 15.8 days), and the region close to the
top of the sensor is shown in Figure 5.7b. For Case 3 test (Figure 5.6a), the pore pressure
begins to increase from 7.45 MPa (1080.5 psi) 5 minutes after heating starts and reaches
the hydrostatic pressure 9.65 MPa (1400 psi) in 1 hour and 42 minutes (at the 49.7th
hour). For the numerical reproduction of Case 3 (Figure 5.6b), the Smin becomes tensile
31 minutes after heating starts and reaches the tensile strength (2 MPa, from Teodoriu et
al. 2013) 43.2 minutes after heating starts and reaches -4 MPa by the end of the heating
test.
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(a) Numerical reproduction results of Jackson and Murphey (1993)
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Figure 5.5 Calibration with the measurements of Jackson and Murphey’s (1993). (a) The
effective radial and hoop stresses at the inner cement and the contact pressure at the inner
casing-cement interface during pressure testing for the numerical reproduction of Jackson
and Murphey’s (1993) experiment. (b) The tolerance pressures (Ptolerance) obtained
from the numerical reproduction (blue dot) of the experiment of Jackson and Murphey
(1993). The shaded blue region represents the range of the tolerance pressure for which
shear failure occurs in Jackson and Murphey (1993). Dashed black lines are the
Ptolerance range observed by Goodwin and Crook (1992) and the red cross is a possible
minimum value of Ptolerance observed by Therond et al (2017).
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The temporal evolution (Figure 5.6b) and the spatial distribution (Figure 5.7a)
of the Smin indicate that tensile failure initiates around the sensor top and propagate
outwards during heating. The pore pressure increase becomes rapid 70 minutes after
heating starts, which suggests that the development of tensile fractures has broken the
seal of cement completely. Moreover, the region with a tensile minimum tensile stress
predicted by numerical models (Figure 5.7a) is also in agreement with the traces of
tensile fissure and cracks observed on the sample (dark grey traces labeled with yellow
arrows in Figure 5.7b). Hence, the staged FEA approach, the selected input parameters,
and assumptions made for numerical adjustment of the cement hardening process can
represent the cement system under downhole conditions and can be used in the further
numerical investigations of this study. The exemplary value of poro-elastic shrinkage
coefficient, 0.5, can be used to represent the bulk shrinkage during cement hardening
under downhole conditions of 1400 psi, 35 °C, and abundant water supply.
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Figure 5.6 Calibration with the heating test. (a) The laboratory measurement of pore
pressure during the heating test of Case3. (b) The numerical reproduction result of the
minimum principal stress around the sensor top. The time axes of the two charts are
aligned.
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Figure 5.7 Comparison between numerical results and postmortem observation. (a) The
numerical reproduction result of the minimum principal stress at the middle intersection
of the sample. Color contour is made for the Smin lower than 0 (tensile). (b) Postmortem
observation of the cement sample from Case 3. Traces of tensile fractures and cracks (in
dark gray color) are labeled with the yellow arrows.
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6. RESULTS AND DISCUSSION

In this section, the numerical results of scenarios listed in Table 5.3 and 5.4 are
illustrated and discussed. Various factors and loads that have significant influence on the
cement failure occurrence are discussed and evaluated.

6.1. RESULTS
The results of the integrated approach are introduced in this section. The results
are presented to illustrate the cement stage of stress development and the potential
induced failure.
6.1.1.

The Base Case. The SDCS-BaseCase is the reference case of this study

and is used as the benchmark for analyzing the influence of various factors during cement
hardening. Figure 6.1 shows the temporal evolution of effective radial stresses and
contact pressure at the inner and outer interface of the cement component. The inner
cement radial stress has an initial magnitude of 6.2 MPa (the cement slurry pressure
minus pore pressure) 10 hours after the cement slurry is placed, increases to 6.7 MPa at
the end of the hardening step (after 50 hours). The radial stress at the cement elements
adjacent to the formation (i.e., termed ‘outer cement’) decreases from 6.2 MPa to 3.9
MPa at the end of the hardening step. During the hardening step, the contact pressure
between casing and cement drops from 14 MPa to 12.1 MPa. The contact pressure
between cement and formation drops from 4.2 MPa to 0.8 MPa by the end. Since the
contact pressures of both interfaces do not become tensile (< 0 MPa), no MA is initiated.
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Radial stress at the inner side of cement
Contact pressure at the casing-cement interface
Radial stress at the outer side of cement
Contact pressure at the cement-formation interface

Hardening time (hour)

Figure 6.1 Effective radial stresses at the inner (purple dashed line) and outer sides (green
dashed line) of the cement component, and contact pressure at the casing-cement (blue
line) and cement-formation (red line) interfaces during the hardening stage.

6.1.2.

Cement Hardening. Results of the two major processes occurring during

the cement hardening are introduced in this section.
6.1.2.1.

Cement pore pressure drop during hardening. Figure 6.2 shows the

contact pressure at the interfaces of the sensitivity analysis of the applied linear pore
pressure drops of 0.05%, 20%, 50%, 75%, and 100% during the hardening process for
NR-Case1-48h, NR-Case2-48h, and SDCS-PpDrop. At the casing-cement interface
(Figure 6.2a), for 20%, 50%, 75%, and 100% pore pressure reduction during hardening,
the contact pressure decreases from 14 MPa to 12.1 MPa, 11.7 MPa, 11.4MPa, and
11.1MPa, respectively. For 0% pore pressure reduction a decrease from 14 MPa to 12.56
MPa (after 36.5 hours) occurs, followed by an increase to 12.74MPa. At the cementformation interface (Figure 6.2b), for 20%, 50%, 75%, and 100% pore pressure reduction
during hardening, the contact pressure decreases from 4.2 MPa to minimum values of
0.78 MPa, 2.42 MPa, 3.35 MPa, and 3.96 MPa after 45, 31, 25, and 20 hours,
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respectively, and then recovers to 0.8 MPa, 3.1 MPa, 5 MPa, and 6.9 MPa,
respectively. For 0.05% pore pressure reduction the contact pressure reduces to -0.36
MPa until the end of the hardening step. For this case micro-annulus (MA) initiates after
36.5th hours when the contact pressure at the cement-formation interface reaches zero,
and the final aperture is 3.96 pm by the end of the hardening step.

(a) At the casing-cement interface
14.5 ■

Cement P
Cement P
Cement P
Cement P.
Cement Pp

drops 100%
drops 75%
drops 50%
drops 20% (BaseCase, LabCase2)
drops 5% (LabCasel)

Debonding occurs between
cem en t and form ation

10.5
Hardening time (h)
Figure 6.2 The contact pressure variation during the cement hardening for various
degrees of cement pore pressure drop. (a) For the casing-cement interface, (b) For the
cement-formation interface; minimum values for each scenario are labeled with red
triangles.
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(b) At the cement-formation interface
A Minimum value for each case

D e b o n d in g o c c u rs b e tw e e n
c e m e n t a n d fo rm a tio n

Hardening time (h)

Figure 6.2 The contact pressure variation during the cement hardening for various
degrees of cement pore pressure drop. (a) For the casing-cement interface, (b) For the
cement-formation interface; minimum values for each scenario are labeled with red
triangles (Cont.).

6.I.2.2.

Cement shrinkage with different poro-elastic bulk shrinkage

coefficient (s). In this study, the poro-elastic bulk shrinkage coefficient (s) is used to
process the bulk shrinkage data from Chenevert and Shrestha (1993) in order to provide
the cement shrinkage input. For SDCS-Shrinkage, the influence of different s on the state
of stress evolution during cement hardening is shown in Figure 6.3.
At the casing-cement interface, for the scenario of s=0, the contact pressure
slightly increases from 14 MPa to 14.1 MPa at the beginning and gradually decreases to
13.95 MPa. For the scenario s=0.25, the contact pressure decreases from 14MPa to
13MPa. For scenarios s=0.75 and 1, the contact pressure decreases from 14 MPa to
minimum value of 12 MPa after 21 and 26 hours, and suddenly increases back to 14.1
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MPa and 12.1 MPa by the end of the step. This increase can be explained by the
debonding at the cement formation interface. As shrinkage continues, due to the
debonding between cement and formation, the casing and cement components become
isolated from the formation, and the cement shrinkage becomes a pure centripetal
deformation, thus increasing the compression at the casing-cement interface.
At the cement-formation interface, during the cement hardening, the contact
pressure for s=0 increases from 4.2 MPa to 6.26 MPa. For s=0.25, the contact pressure
drops slowly from 4.2 MPa to 3.55 MPa. For s=0.75 and 1, the contact pressure drops
from 4.2 MPa to 0 MPa after 26 and 21 hours, to -0.5 MPa (tensile bond strength) after
31 and 23 hours and keeps this value until the end. For s=0.75 and 1, the MA initiate at
the cement-formation interface when the contact pressure reaches 0 MPa (after 26 and 21
hours) and reach 17.1 pm and 48.5 pm by the end.

At toe
casing-cement
interface

Cement poro-elastic
shrmkage coeff. s=0

s=0.5 (BaseCase)
s=0.75

13.5

« 12.5

MA occurs for s=l and 0.75

H a r d e n m g tim e (h o u r )

Figure 6.3 Results of different poro-elastic shrinkage coefficients during hardening. (a)
The contact pressure at the casing-cement interface for different s applied. (b) The
contact pressure at the cement-formation interface. (c) The MA aperture for scenarios
that initiate MA.
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Figure 6.3 Results of different poro-elastic shrinkage coefficients during hardening. (a)
The contact pressure at the casing-cement interface for different s applied; (b) The
contact pressure at the cement-formation interface. (c) The MA aperture for scenarios
that initiate MA (Cont.).

6.1.3. Pressure Testing. For SDCS-BaseCase-PTesting (Figure 6.4a, b), the
pressure applied on the inner casing (testing pressure) increases from the mud pressure
(12 MPa) to a maximum pressure of 40 MPa (a representative value during pressure
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testing; Postler, 1997). While the contact pressures remain compressive throughout
pressure testing (i.e., no debonding failure occurs), the equivalent plastic strain (PEEQ) in
the cement is monitored as an indicator of shear failure (Figure 6.4a). The PEEQ at the
outer cement elements is zero and not shown in Figure 10b. PEEQ at the inner cement
develops at a testing pressure of 30 MPa, which indicates Ptolerance=30 MPa, and PEEQ
reaches a magnitude of 1.03*10-4 for an inner casing pressure of 40MPa. For SDCSTempFluc-PTesting, which considers the temperature fluctuation during hardening,
PEEQ at the inner cement initiates at a testing pressure of 23.4 MPa and PEEQ reaches a
magnitude of 2.26*10-4 for an inner casing pressure of 40MPa. For SDCS-PpDropPTesting, only two end member scenarios (i.e., cement pore pressure drops of 0% and
100% during hardening) are presented (due to the minor differences; light blue and
purple dashed lines, Figure 6.4b). For pore pressure drops of 0.05%, 50%, 75%, and
100%, the Ptolerance are 28.1 MPa, 32.5 MPa, 34.8 MPa, and 37.2 MPa, respectively.
For SDCS-Shrinkage-PTesting, for s=0 and 0.25, the Ptolerance are 68 MPa and 47.5
MPa (Figure 6.4c).
6.1.4. Injection Related Cooling. For SDCS-BaseCase-Cooling (Figure
6.5), the contact pressure at the casing-cement interface decreases from 12MPa to
11.4MPa during the completion step (red area), to 9.9MPa by the end of the Charging
process (blue area), and stabilizes at 10.3MPa (grey area). The contact pressure at the
cement-formation interface drops from 0.8MPa to 0.3 MPa during the completion step,
then to zero after 3 minutes of the Charging process, and reaches -0.5 MPa by the end of
the Charging process, and stabilizes at -0.5 MPa. The resulting MA reaches 20 pm of
aperture by the end of the Plateau process. The influence of cement pore pressure
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decrease, shrinkage and temperature fluctuations are presented in detail in the
discussion.

(a)

Shear failure occrreuce for SDCS-BaseC'ase-PTesting
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Figure 6.4 Results of different cases during pressure testing. (a) Illustration of the
equivalent plastic strain (PEEQ) distribution when the inner casing pressure is 40 MPa.
(b) The resulting equivalent plastic strain (PEEQ) change with the applied inner casing
pressure during the pressure testing for SDCS-BaseCase-PTesting and SDCS-BaseCaseTempFluc. (c) The resulting PEEQ variation during pressure testing for SDCS-PpDropPTesting and SDCS-Shrinkage-PTesting.
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Figure 6.4 Results of different cases during pressure testing. (a) Illustration of the
equivalent plastic strain (PEEQ) distribution when the inner casing pressure is 40 MPa.
(b) The resulting equivalent plastic strain (PEEQ) change with the applied inner casing
pressure during the pressure testing for SDCS-BaseCase-PTesting and SDCS-BaseCaseTempFluc. (c) The resulting PEEQ variation during pressure testing for SDCS-PpDropPTesting and SDCS-Shrinkage-PTesting (Cont.).
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6.2. DISCUSSION
The results in this study show significant differences with the majority of previous
staged FE modeling studies in terms of micro-annulus (MA) occurrence and cement
failure conditions and locations. In contrast to studies by Ravi et al. (2002), Gray et al.
(2009), Nygaard et al. (2014), and Li and Nygaard (2018), this study includes a cement
hardening step that considers the combination and integration of the major mechanical
processes under downhole condition, including: (1) the development of cement poroelastic properties; (2) pore pressure variations; and (3) volumetric bulk shrinkage. The
resulting cement state of stress enables an accurate and representative prediction of
micro-annulus and cement failure occurrence under downhole conditions, and thus
greatly improves the current staged FE modeling approach. The modeling approach for
cement hardening in this study is qualitatively compared to the analytical modeling
approach by Bois et al. (2011, 2012), which includes theoretical cement hydration
modeling for a chemo-poro-mechanical cement system. The following sections discuss
the importance of downhole conditions (for the base case followed by load steps 5 & 6;
Section 4.2.1), and the occurrence and evolution of MA due to the individual and
combined influence of cement hardening, pressure testing, and injection related cooling
are investigated and sensitivities of factors from the three processes are discussed with
respect to their importance and implications (Section 6.2).
6.2.1. Importance of Downhole Conditions. A representative simulation of
loads occurring during the wellbore life span, especially during cement hardening, is
critical to achieve downhole conditions, and thus enables the quantitative evaluation of
the MA initiation and evolution (Bois et al., 2011; De Andrade et al., 2015. In this study,
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the validation process (Section 5.2) shows that the approach used (including the
cement hardening process) to simulate downhole conditions is capable of reproducing the
laboratory test of Jackson and Murphey (1993) and predicting the occurrence of cement
failure that matches the laboratory observations. Hence, this approach can be used to
expand the simulation to the life cycle of a production/injection well under downhole
conditions.
6.2.1.1. During cement hardening. For the base case scenario (SDCSBaseCase), the cement hardening process is modeled considering poro-elastic property
development, bulk shrinkage (poro-elastic bulk shrinkage), and the pore pressure
decrease. Based on the assumption of an initial compressive state of stress in the cement
before cement hardening, the contact pressure at the beginning of the hardening step is
4.2 MPa at the cement-formation interface (slurry pressure minus pore pressure) and 14
MPa at the casing-cement interface (slurry pressure). The assumption of an initial
compressive effective sate of stress represents a reasonable condition based on laboratory
experiments (Boukhelifa et al., 2004; De Andrade et al., 2015) and numerical studies
(Gray et al., 2009; Li and Nygaard, 2017; Zhang et al., 2017; Lavrov, 2018). A tensile or
zero effective stress state after hardening implies immediate failure for any scenario (Bois
et al., 2011; Nygaard et al., 2014).
During cement hardening, the poro-elastic bulk shrinkage decreases the degree of
compression at the cement interfaces, and the radial stress at the outer side of the cement
sheath decreases 2.36 MPa, while it increases 0.45 MPa at the inner side (SDCSBaseCase, Figure 6.1). The variation of cement radial stress reduces the contact pressures
at both interfaces, and for the cement-formation interface (only with a contact pressure of
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0.8 MPa; Figure 6.1), tensile debonding is likely to occur. The result of this study is in
agreement with the observation obtained from CT scans by De Andrade et al. (2015),
who show that debonding mainly occurs at the cement-formation interface after cement
hardening. By the end of the hardening process, the resulting radial stress distribution
across the cement sheath (Figure 6.1) and the different contact pressures at the casingcement and the cement-formation interfaces indicate that the cement no longer has a
uniform and isotropic state of stress which is a common assumption in many staged FE
studies (Gray et al. 2019; Nygaard et al. 2014; Li and Nygaard, 2017).
6.2.I.2. Shear failure during pressure testing. In order to evaluate the response
of the cement sheath with respect to its sensitivity to increases of the inner wellbore
pressure, the modeling results (SDCS-BaseCase-PTesting) show that shear failure occurs
at the casing-cement interface (inner side of the cement sheath) for an applied inner
casing pressure of 30 MPa (Figure 6.4). While the occurrence and location of shear
failure due to pressure loading is qualitatively in agreement with the laboratory results of
Goodwin and Crook (1992) and Jackson and Murphy (1993), (Figure 5.5b), significant
differences exist. The tolerance pressure of the SDCS-BaseCase-PTesting scenario (30
MPa) is much lower than the pressures of 42-55 MPa (Figure 5.5b) reported by Goodwin
and Crook (1992) and Jackson and Murphey (1993) representative of equivalent depths
of 500-700 m (based on their cement curing pressures and temperatures applied). It is
important to note that the exact numerical adaptation of their laboratory setup reproduces
their results (blue dot in Figure 5.5b). However, in order to obtain a more representative
evaluation of shear failure, downhole conditions should be considered. The tolerance
pressures obtained from SDCS-BaseCase-PTesting are: 24.3 MPa for 500 m, 30MPa for
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1000 m, 38.1 MPa for 1500 m, and 41.6 MPa for 2000 m depth (Figure 6.6; Table 5.2).
The increase of Ptolerance with respect to depth is in agreement with studies showing
that the wellbore system maintains better integrity for larger depths (De Andrade et al.,
2016; Lavrov, 2016). Compared to Goodwin and Crook (1992), the lower magnitudes
obtained numerically are in the range of observations obtained from leak-off tests (Figure
6.6; Postler, 1997; King and King, 2013) It needs to be noted that a direct evaluation and
comparison should be considered carefully (and may not be appropriate) as wellbore
pressures obtained from leak-off tests are representative of the integrity of the casing
shoe (i.e., for a different, and weaker location of the wellbore than considered in this
study) (Postler, 1997; Nelson and Guillot, 2006; API HF1, 2009; Wang et al. 2011). The
result of this study can be used as a reference to narrow down the prediction of shear
failure occurrence and optimize the operation parameters for wellbore operations, such as
testing pressures.

Figure 6.6 The prediction of the inner casing pressure to initiate shear failure. Ptolerance in
SDCS-BaseCase-PTesting shows shear failure for different depths. Hydrostatic pore
pressure for different depths. Leak-off pressures indicative of casing shoe integrity.
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6.2.I.3. During completion/production. During the completion step (the first
part of SDCS-BaseCase-Cooling; Figure 6.5, pink block), when the inner casing pressure
drops and before cooling is initiated, the modeling results show that the contact pressure
at both cement interfaces decreases, and for the cement-formation interface the likelihood
of debonding failure increases. This result is in agreement with the ‘reduced hydrostatic
scenario’ of Jackson and Murphey (1993), and the numerical prediction of Orlic et al.
(2018). For some staged FE studies that ignore the cement hardening process and the
associated state of stress variation (Ravi et al. 2002, Gray et al. 2009), MA is predicted to
initiate at the casing-cement interface due to wellbore pressure decrease (inner casing
pressure). However, a moderate inner casing pressure drop (i.e., 18% in this study) is not
sufficient to overcome the significant compression at the casing-cement interface and
induce debonding failure. Even a large inner pressure reduction (i.e., 40% drop, as
adapted from the production stage in Gray et al. 2009, De Andrade et al. 2016) (Figure
6.7, red line), is not enough to initiate a MA. MA initiation requires a drawdown of 46%,
and, e.g., an extreme drawdown of 60% can result in a small MA aperture of 1.95 pm
(Figure 6.7; red dashed line). It needs to be noted that the analysis of MA initiation of this
study is based on the poro-elastic behavior of cement and formation. Creep behavior of
cement and formation over a large time scale (i.e., years) can inhibit the development of
MA (Lavrov and Tors^ter, 2016; Lavrov, 2018). Hence, the long-term pressure
drawdown effects due to production may not have significant impacts on MA generation
and development.
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Figure 6.7 The contact pressure at the cement-formation interface change with different
degrees of drawdown of the inner casing pressure.

6.2.I.4. During injection related cooling. For the injection related cooling step
(SDCS-BaseCase-Cooling), a MA initiates during the Charging process at the cementformation interface (blue block in Figure 6.5). The contact pressure between the cement
and formation (0.4 MPa, by the end of the completion step) is further decreased by the
tensile stress induced by cooling. A MA starts to develop when the contact pressure drops
below zero and the two components at an interface become fully debonded when the
contact pressure reaches the tensile bond strength of -0.5 MPa (Figure 6.5). MA
generation at cement-formation interface during injection related cooling is in agreement
with the modeling result of Orlic et al. (2018). Figure 6.5 also shows that during the
Charging process, the contact pressure at the casing-cement interface decreases 1.5 MPa,
while the cement-formation interface decreases 0.9 MPa. The tendency that the contact
pressure at the casing-cement interface is affected more significantly by the cooling than
the cement-formation interface is in agreement with the qualitative analysis of Bois et al.
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(2011). Due to the state of stress previously developed in the system, the casingcement interface is under significant compression and inhibits MA generation; the
cement-formation interface has less compression and promotes MA occurrence (Orlic et
al. 2018). These observations are in contrast to numerical studies assuming an isotropic
state of stress or a zero effective stress in the cement, which result in MA initiation at the
casing-cement interface (Ravi et al. 2002; Bois et al. 2011).
During the Plateau process (gray block in Figure 6.5), MA development slows
down due to the fixed temperature at the inner casing. The final MA aperture is 20 pm
after 4 hours of the Plateau process. This aperture falls into the range of hydraulic MA
apertures provided in the thermal debonding scenario of Stormont et al. (2018) and of the
numerical prediction of Orlic et al. (2018).
6.2.2.

Influence of Pore Pressure Decrease During Hardening. As detailed

knowledge about the initial pore pressure magnitude in the cement during hardening is
sparse and only monitored over a short period of time (i.e., 48 h; Reddy et al., 2009), this
study considers cement pore pressure drops of 0 %, 20 % (BaseCase), 50 %, 75 %, and
100 % (SDCS-PpDrop). Figure 8 shows that the different pore pressure drop scenarios
result in different contact pressures at both cement interfaces at the end of the hardening
step. For the cement-formation interface (which has the lower overall contact pressures),
a higher pore pressure drop results in a higher contact pressure by the end of the
Hardening step (Figure 6.2b). After the Hardening stage, pressure testing results (SDCSPpDrop-PTesting, Figure 6.4b) indicate that the pore pressure drop in the cement from
0% to 100% increases Ptolerence from 28.1 MPa to 37.2 MPa and shear failure induced
MA can be generated. This relatively slight increase is due to the pore pressure - stress
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coupling of the cement component as a poro-elastic material (Ghabezloo et al., 2008;
Bois et al., 2011).
The contact pressure further decreases when the injection related cooling starts;
for 20% and 50% scenarios debonding failure occurs and MA initiates (Figure 6.8a) at
the cement-formation interface. For 0 % pore pressure drop, debonding failure has
already occurred during the hardening process, i.e., as a result, the contact pressure
remains constant. After the injection related cooling process, the MA apertures for 0 %,
20%, and 50% cement pore pressure drop are 32.1 pm, 20 pm, and 1.9 pm, respectively
(Figure 6.8b).
The results show that, during injection related cooling, debonding failure (MA) is
more likely to occur when the cement pore pressure drops less during hardening. This is
because a lower pore pressure drop results in a lower compressional state of stress in the
cement, and thus the wellbore system is less resilient against the tensile stress induced by
cooling. This result is in agreement with the mathematical modeling of cement pore
pressure variation of Bois et al. (2011) and with De Andrade et al. (2015), who show that
the wellbore system is less likely to initiate debonding failure during cooling if the
cement is cured under more compressional stress.
It is important to note that quantitative measurements of the evolution of cement
pore pressure magnitudes under downhole conditions is currently not available in the
public domain, and future research in this direction is recommended to evaluate the
significance of the pore pressure evolution on cement sheath integrity (and therefore as a
required input parameter for numerical models).
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the cement-formation interface, (b) The resulting MA aperture for scenarios with
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6.2.3. Influence of Shrinkage During Hardening. During cement hardening,
the shrinkage is the combined result of multiple factors which are involved in the
complicated chemo-thermo-poro-mechanical process. Some of these factors are
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incorporated in the modeling approach of this study (i.e., thermal, poro-elasticity, and
pore pressure variation), while the others are ignored due to inadequate laboratory
investigations and difficulty in quantification (Bourissai et al., 2013; Samudio, 2018). In
this study, the mechanical influence of the cement volumetric shrinkage is quantified and
simplified by introducing the poro-elastic bulk shrinkage coefficient (s). Figure 6.3 shows
that different bulk shrinkage coefficient scenarios (SDCS-Shrinkage) result in different
contact pressures at both cement interfaces at the end of the hardening step. For the
cement-formation interface (which has the lower overall contact pressures), a higher
coefficient results in a lower contact pressure by the end of the Hardening step Figure
6.3b).The pressure testing results (SDCS-Shrinkage-PTesting, Figure 6.4c) shows for
s=0.75 and 1, shear failure has already occurred before the start of pressure testing. For
s=0.5 (base case), 0.25, and 0, the Ptolerance is 30 MPa, 47.5 MPa, and 68 MPa. The
significant increase of Ptolerance when s decreases can be explained by the reduction of
differential stress when the cement shrinks less.
For SDCS-Shrinkage-Cooling, the contact pressure further decreases when the
injection related cooling starts; for s=0 and s=0.25 debonding does not occur; for s=0.5
debonding failure occurs and MA initiate (Figure 6.9a). For s=0.75 and s=1, debonding
has already occurred during hardening and the contact pressure remains constant. After
the injection related cooling process, the MA apertures for s=0.5, 0.75 and 1 are 20 pm,
49.8 pm and 81.1 pm, respectively (Figure 6.9b).
In order to determine an appropriate range for s during downhole conditions, the
numerical modeling results are evaluated based on observations obtained throughout
several laboratory experiments. The cement bulk shrinkage data in this study is based on
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the measurement of Chenevert and Shrestha (1987) under 100 °F and 1200 psi (which
is equivalent for ~800m depth and close to the 1000m depth considered in SDCSBaseCase). For a cement cured at 150 F and 500 psi, which has a lower initial
compressive stress than the cement of Chenevert and Shrestha (1987), De Andrade et al.
(2015) do not observe systematic debonding failure for the casing-cement-formation
system after hardening based on high resolution CT scans. No significant further
debonding is observed after several cooling cycles of T=284 °F. Based on this
observation, a reasonable conclusion is that the cement system is under a substantial
compressional stress. Therefore, the s values of 0.75 and 1 are considered inappropriate
due to debonding and shear failure occurring during cement hardening. The remaining
range of coefficients are considered reasonable, covering shrinking neat class G cement
(s=0.5) and cements treated with additives that prevent the degree of shrinking (s=0.25
and 0). This result is in agreement with the laboratory observation of Boukhelifa et al.
(2004), who show that for a cement system which shrinks less during hardening tensile
stresses and hence failure are less likely to develop/occur, and with the common practice
in the oil industry to prevent the cement from shrinking (Nelson and Guillot, 2006;
Kurdowski, 2014). However, it needs to be stated that this study is the first to quantify
this effect under downhole conditions, which enables to quantify the resulting MA
aperture with respect to the degree of shrinkage.
6.2.4. Influence of Cement Stiffness (XFEM). For the pressure testing analysis,
the resulting state of stress from Case-1 is used. The pressure testing step is added after
the cement hardening step for various values of the cement Young’s modulus.
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During pressure testing, the inner casing pressure is reduced to the hydrostatic
pore pressure from the original mud pressure in 2 minutes and then increased to 12MPa
(two times the mud pressure) in 10 minutes. According to Bois et al. (2011), shear failure
and radial cracks are likely to occur in the cement sheath. The hoop stress at the inner
side of the cement sheath is used as the indicator for radial cracks, and the active yield
flag (AC YIELD) is used as the indicator for shear failure.
Figure 6.10 shows the resulting inner cement hoop stresses for the system with
three different cement Young’s moduli (E) of 47 GPa (blue line), 30 GPa (red line), and
20 GPa (green line). For E=47 GPa, when the inner casing pressure drops from the mud
pressure to the pore pressure, the inner cement hoop stress increases from -0.8MPa to
0MPa. Then, the inner cement hoop stress decreases as the inner casing pressure
increases. When the inner cement hoop stress reaches -3 MPa (at an inner casing pressure
of 9.046 MPa), radial cracks initiate at the inner side of the cement. Figure 6.11a shows
the distribution of the resulting radial cracks and the shear failure (elements in red) at the
end of the pressure testing for the system. Shear failure occurs 1.2 minutes after the
initiation of radial cracks, and the entire inner cement fails. For Emid in the cement, the
inner cement hoop stress declines to -0.25 MPa from -0.8 MPa as the inner casing
pressure reduces to the pore pressure. Then, the inner casing pressure keeps increasing
until 10.37 MPa, for which the inner cement hoop stress reaches the tensile strength and
radial cracks start to initiate. Figure 6.11b shows the radial cracks and shear failure at the
end of the pressure testing for Emid in the cement. The inner cement is only partially
damaged by the shear failure. For Elow in the cement, the inner cement hoop stress only
increases to -0.4 MPa, when the inner casing pressure reaches the pore pressure. As the
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inner casing pressure increases to the maximum testing pressure of 12 MPa, the inner
cement hoop stress drops to -2.92 MPa at the end of the pressure testing, and no failure
occurs.

Figure 6.10 Hoop stresses at the inner cement for systems with Ehigh, Emid, and Elow during
the pressure test. Purple line represents a simplified tensile strength of cement. For
different cement systems, the high Young’s modulus cement always has a higher tensile
strength. The purple line should be a declining line (or curve), but the exact magnitudes
for different cement systems needs extensive laboratory test to determine, which beyond
the scope and capacity of this study.

In this study, the completion step (inner casing pressure drops from mud pressure
to the hydrostatic pore pressure) and the thermal cycling occurring during the injection
step is implemented after the cement hardening step. The cooling induced by the injection
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fluid decreases the in-situ stresses and may further induce interface debonding
(Lavrov and Torsaeter, 2016). The hoop stress in the cement drops with cooling, and
radial cracks are also likely to occur. The hoop stress at the inner cement and the cementformation contact pressure are used to evaluate the occurrence of radial cracks and
debonding failure.

Figure 6.11 Resulting cement failure for cement with different Young’s moduli. (a) With
a high Young’s modulus of 47 GPa. (b) With an intermediate Young’s modulus of 30
GPa. Red colored elements indicate shear failure. White lines represent traces of radial
cracks.
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For the system with Ehigh in the cement, as the inner casing pressure drops
from mud pressure to the pore pressure during the completion step, the inner cement
hoop stress increases from -0.8MPa to 0MPa and the cement-formation contact pressure
only drops slightly. Then, during the Charging Process when the temperature drops, the
inner cement hoop stress decreases to -3MPa after cooling for 21 minutes and radial
cracks starts to initiate. The cement-formation contact pressure is 2.82MPa and still
compressional, which indicates no debonding failure to occur. For the system with Emid in
the cement, the inner cement hoop stress increases to -0.25MPa during the completion
step and the cement-formation contact pressure drops slightly. When the system keeps
cooling, the inner cement hoop stress reaches -3MPa after 0.57 hour, and radial cracks
initiate. The cement-formation contact pressure is 0.92MPa and no debonding failure
occurs. For the system with Elow in the cement, the inner cement hoop stress increases to 0.4MPa during the completion step while the cement-formation contact pressure only
drops 0.12MPa. During the Charging process, the inner cement hoop stress decreases to 2.88MPa and the cement-formation contact pressure decreases to 1.45MPa. Then, 0.4
hour after the Plateau Process starts, the inner cement hoop stress slowly decreases to 3MPa and the radial cracks initiate. The cement-formation contact pressure is 1.07MPa
and no debonding failure occurs.
For pressure testing, it can be observed that the inner cement hoop stress increases
when the inner casing pressure decreases, and the inner cement hoop stress becomes
more tensile when the inner casing pressure increases (Figure 6.10). The cement sheath
with the highest Young’s modulus reaches the highest tensile stress magnitudes and can
initiate radial cracks at a lower inner casing pressure.
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Figure 6.12 Hoop stresses at the inner cement and the cement-formation contact pressure
for systems with Ehigh, Emid, and Elow during the completion step and the thermal cycling.
a) For Ehigh in the cement, b) For Emid in the cement, c) For Elow in the cement.
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The modeling result also show that radial cracks initiate first, then the shear
failure occurs in the regions that have already radially cracked. These results are in
agreement with laboratory studies by Goodwin and Crook (1992) and Fahrman et al.
(2017) who observe that for brittle cements radial cracks initiating from the inner side of
the cement sheath can easily occur. In addition, they state that radial cracks always
initiate before the occurrence of shear failure. The modeling results also show that no
debonding failure of the system interfaces occurs. This is contradictory to laboratory
studies by Goodwin and Cook (1992) who observe a micro-annulus between cement and
casing. It needs to be stated that the laboratory setup of Goodwin and Cook (1992) does
not include the formation and does not consider in-situ conditions.
The stress results during the Charging Process of the thermal cycling procedure
are similar to the ones obtained for pressure testing. For a high cement Young’s modulus
the inner cement hoop stress drops more rapidly, reaches the tensile strength earlier, and
thus radial cracks are initiated (Figure 6.12). Radial cracks are initiated after a
temperature decrease of 12 °C for the system with Ehigh, and after a temperature decrease
of 20.4 °C for the system with Emid. The system with Elow in the cement initiates radial
cracks after a temperature decrease of 30°C and after a period of 24 minutes of
maintaining the final temperature. All contact pressures at the cement-formation interface
decrease with cooling, but none of them drop below zero and becomes extensional, thus
no debonding failure initiates. While this is in disagreement with studies from Nygaard et
al. (2104), De Andrade et al. (2015, Roy et al. (2016), and Li and Nygaard (2017) who all
observe debonding during thermal cycling, it needs to be stated all these studies consider
much larger temperature differences (>50 °C) and larger cooling rates.
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A basic assumption for this numerical study is that the three cement systems
with different Young’s moduli have the same tensile strength, which is unlikely under
field conditions. In general, the cement system with a higher Young’s modulus also
features a higher tensile strength (Nelson and Gilliot, 2004). The modeling results of this
study indicate that the system with a high cement Young’s modulus develops a low inner
cement hoop stress during pressure testing and thermal cycling, but this may not
necessarily indicate that radial cracks initiate (Goodwin and Crook, 1992; Boukhelifa et
al., 2004). In general, a relatively lower cement Young’s modulus and a higher tensile
strength have positive influence in maintaining the integrity of the cement sheath. Thus,
the cement failure during pressure testing and thermal cycling procedures need to be
further evaluated with respect to the mechanical and strength properties of a specific
cement system.
In order to provide a better comparison of the thermal cycling to the studies of
Nygaard et al. (2104), De Andrade et al. (2015), Roy et al. (2016), and Li and Nygaard
(2017), which all observe debonding at the cement-formation interface, SDCS-BaseCase
is further tested with an inner casing temperature decrease of 50°C at a rate of
1°C/minute. The influence of the three different cement Young’s moduli, Elow, Emid, and
Ehigh, is also tested (Figure 6.13). It can be observed that the cement-formation interface
debonds for all Young’s moduli tested. Figure 6.13 shows the inner cement hoop stress,
the cement-formation contact pressure, and the resulting debonding aperture change with
time for the Charging Process and Plateau Process. The inner cement hoop stresses for
the different cement Young’s moduli decrease during the Charging Process and the case
with Ehigh even reaches -3.9 MPa which indicates that radial cracks have already
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occurred. No radial crack is generated for systems with Emid and Eiow in the cement.
During the Plateau Process, inner cement hoop stresses recover slightly. The cementformation contact pressures and the resulting aperture for the three cases have
approximately same tendency and magnitude. The debonding of the cement-formation
interface initiates after 31 minutes of the Charging Process as the contact pressure drops
below zero (Figure 6.13b), and fully debonds 9 minutes later when the contact pressure
reaches the tensile bond strength of -0.5MPa. Figure 6.13c shows the resulting apertures.
Magnitudes of 1.1pm at the end of Charging Process and 20pm at the end of Plateau
Process for all three cases are obtained. These results are in agreement with Nygaard et
al. (2104), De Andrade et al. (2015, Roy et al. (2016), and Li and Nygaard (2017).
6.2.5.

Influence of Temperature Fluctuation During Hardening. Temperature

fluctuations during the hydration reaction and the associated thermal stress are also
considered as a contributor to the cement state of stress (Bois et al. 2012). Air circulation
for heat emission and enough curing time are standard procedures during concrete curing
(Kurdowski, 2004). Since direct temperature measurements for downhole conditions, to
the authors’ knowledge, are not publicly available, the input temperature data for SDCSTempFluc is qualitatively adapted from the rate of hydration (heat emission) measured by
Pang et al. (2013) and from temperature measurements during concrete hardening (Zhou
et al., 2014) and shown in Figure 6.14 (detailed description of this qualitative adaptation
is presented in Figure 5.3). The most significant heat generation (black line) and
temperature increase (blue and green line) occur during Stage I and III of hydration,
during which they have a less significant contribution to the final state of stress due to the
fluid behavior of the cement.
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Figure 6.13 Modeling results for the injection related cooling. (a)The resulting inner
cement hoop stress. (b) The cement-formation contact pressure. (c) The debonding
fracture aperture for E=47 GPa, 30 GPa, and 20 GPa.
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During Stage IV, the cement temperature starts to decrease (due to the
decrease of heat production), while the cement behaves more and more elastic and the
Young’s modulus increases significantly (Nelson and Guillot, 2006; Kurdowski, 2014).
Hence, this cooling of the cement induces tensile thermal stresses, which can decrease the
contact pressure between casing-cement and cement-formation and further promote MA
occurrence (Bois et al. 2012). This tensile stress also increases the differential stress, and
hence promotes the occurrence of shear failure during pressure testing (Figure 6.4b, green
line). In this study, this temperature fluctuation during cement hardening is simulated
(SDCS-TempFluc in Table 5.4) in two stages. The first stage is a pure heat conduction
process using the temperature increase in the cement (blue line in Figure 6.14) as an input
to predict the temperature variation in the entire model domain. Then, the resulting
temperature field is applied as the initial condition for the second stage, during which the
cement temperature variation (green line in Figure 6.14) is coupled with the other
physical processes (i.e., poro-elasticity, pore pressure, and shrinkage variations).
The modeling result of SDCS-TempFluc with respect to debonding during the
hardening step is presented in Figure 6.15a. When the temperature in the cement sheath
decreases from 55 °C to 47.5 °C, the contact pressure at the casing-cement interface
drops 2.5 MPa; and at the cement-formation interface it decreases 3.77 MPa. For SDCSBaseCase it decreases 1.9 MPa and 3.42 MPa, respectively. For SDCS-TempFlucPTesting (Figure 6.4b), shear failure initiates at an inner casing pressure of 23.4 MPa,
which is 6.6 MPa lower than without considering temperature fluctuation (SDCSBaseCase-PTesting).
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Heat generation

Figure 6.14 Temperature input for the cement of the temperature fluctuation scenario.
The blue section represents the temperature input for the thermal analysis before the
cement hardening simulation. The temperature field calculated from this thermal analysis
step is used as the initial condition for the SDCS-TempFluc. The green part is the input
temperature of SDCS-TempFluc. Cement temperature are qualitatively adapted from
Pang et al. (2013) and Zhou et al (2014).

During injection related cooling, the contact pressure at the cement-formation
interface reaches zero earlier, i.e., from 0.43MPa to 0 during the Completion step (Figure
6.15b, red line) and a MA initiates (compared to MA initiation during the Charging step
for SDCS-BaseCase-Cooling; Figure 6.15b, blue line). The final MA aperture is 22.6 pm
for SDCS-TempFluc-Cooling and 20 pm for SDCS-BaseCase-Cooling. The observation
that temperature fluctuation during cement hardening promotes MA initiation and
evolution in a moderate degree is in agreement with the qualitative analysis of Bois et al.
(2011), who show that temperature fluctuation is only important when the contact
interface is close to debonding.
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Figure 6.15 Comparison between SDCS-BaseCase and SDCS-TempFluc during injection
related cooling. (a) Contact pressure at the casing-cement and cement-formation
interfaces, and the temperature at the inner side and outer side of the cement sheath
during hardening. (b) Injection related cooling results for hydration related temperature
fluctuation is considered during cement hardening and the base case.
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7. CASE STUDY MONT TERRI CO2 INJECTION WELL

7.1. BACKGROUND
The Mont Terri project is an international research project that performs
hydrogeological, geochemical, and geotechnical characterization of Opalinus Clay
formation and investigates the feasibility for wastewater geological disposal and carbon
dioxide geological sequestration. Mont Terri Rock Laboratory is situated within the Mont
Terri motorway tunnel at St-Ursanne in the Clos du Doubs region (Figure 7.1).

Looking N-NE

M o n t Torn
R o c k L a b o ra t o ry

Mont Terri rock laboratory,
300 m beneath surface
Southern entrance of
motorway tunnel

—- ■

Figure 7.1 Mont Terri Underground Research Laboratory location.

Wellbore integrity is one of the primary concerns of CO2 geological sequestration.
An experimental injection well was drilled at the Mont Terri Rock Laboratory in April
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2015 to obtain a better understanding of the CO2 migration, injection efficiency, and
potential leakage problems during the long-term CO2 injection. The structure of the
wellbore is shown in Figure 7.2a. The pilot hole has a diameter of 400 mm and a depth of
4.26 m. The diameter of the second stage is 200 mm, and the well has a depth of 14.4 m.
An injection string with injection and monitor modules (I/P modules), packers, and
hydraulically controlled valves has been installed to the well (Figure 7.2b). The section of
the string between grout pack 1 and grout packer 2 are cemented with neat Portland class
G cement. After several injection cycles, the region within the dashed purple box (Figure
7.2a) was over-cored to evaluate the damage of wellbore integrity.

Figure 7.2 Wellbore structure of the Mont Terri CO2 injection well.
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Figure 7.3 Completion design of the Mont Terri CO2 injection well. Figure adapted from
Manceau et al (2016).

7.2. MODEL SETUP
The injection section of the Mont Terri CO2 injection well is adapted into two
numerical models: the wellbore section with I/P modules and the section between two
adjacent I/P modules (Figure 7.3). The staged approach described in Section 4.2.1 is
used to simulate the drilling, casing, cementing, cement hardening, pressure testing (pulse
testing), and thermal cycling (heat testing) processes. Scenarios tested are listed in Table
7.1. The pressure and temperature are applied at the inner side of the casing during the
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pressure testing and the thermal cycling steps. Since the length of the injection string
is only 3.7 m, the subtle difference induced by the hydrostatic pressure between the first
and the last stages is ignored.

(Case code: MTNZ)
Figure 7.4 Numerical adaptation of the Mont Terri Injection well into numerical models.
(a) The injection string of the injection well before installation. (b) The injection nozzle
at the turned-off mode. (c) The injection nozzles at the turned-on mode. (d) Model
geometry to represent the section with injection nozzles. (e) Model geometry to represent
the section without injection nozzles.

The in-situ stress is adapted from the measurement of Bossart and Wermeille
(2003): vertical stress Sv =6.5 MPa, maximum horizontal stress Sh =4.5 MPa, and
minimum horizontal stress Sh=2.5 MPa. Since the entire injection well is very close to the
surface (from 7.12 m to 10.12 m) and above the local water table, the pore pressure and
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the cement slurry pressure are neglected in the simulation. Material properties for the
formation rock are adapted from the core analysis of Amann et al. (2011) for the Mont
Terri rock laboratory (Table 7.2). Because the cement slurry is cured under the ambient
condition without extra pressure added to the cement, input parameters for the cement
hardening and the cement mechanical properties are adapted from Justinus et al. (1987)
and Gunner et al. (2004), which are both measured under ambient condition (Figure 7.5).

Table 7.1 Simulation scenarios for the Mont Terri CO2 injection well. *: pressure inputs
are based on the pressure measurement of the pulse test, which is illustrated in the
Appendix B. **: the temperature inputs are based on the temperature measurement of the
heating test, which is illustrated in Appendix B.
Simulated wellbore
section

Cement
hardening step

The section with
injection nozzles, (case
code: MTNZ)

Case code:
MTNZHardenmg

Middle section between
two injection nozzle sets.
(case code: MTMS)

Case code:
MTMSHardenmg

Thermal
Pressure testing
(pulse testing)*
cycling step**
1________________
Case code:
Case code:
MTNZMTNZPressureTesting
ThennalCy cling
Case code:
MTMSPressureTesting

Case code:
MTMSThennalCy cling

Table 7.2 Mechanical properties of Opalinus clay.
Young’s
Modulus, E

Poisson’s
Ratio, v

GPa
8.205

0.3

Tensile
Strength, T0

Shear
Strength,

t

0

Compressive
Strength. ac

MPa

MPa

MPa

2.38

8

13.79
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Figure 7.5 Input parameter for the Mont Terri injection well models. Data are measured
under conditions similar to the curing condition of cement in the injection well.

7.3. RESULTS
For scenarios with the nozzles (MTNZ), the cement “hump” at the nozzle slot on
the injection string is most likely to occur stress concentrations, and the interface between
the cement and formation is most likely experience debonding failure (micro-annulus).
Hence, as is shown in Figure 7.6, the hoop and radial stresses at the edge of the “hump”
are plotted for MTNZ scenarios, and at the inner side of the cement are plotted for the
middle section without nozzles (MTMS). The contact pressure at the cement-formation
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interface and the micro-annulus aperture generated at the back of the “hump” are
plotted for MTNZ.

Wellbore section with

Wellbore section with-

injection nozzles
(MTNZ)

out injection nozzles
(MTMS)

Cement

Cement

I

Result data
^ is picked
from here

Figure 7.6 Result data picking locations for MTNZ and MTMS scenarios.

7.3.1. For Cement Hardening. Figure 7.7 shows the variation of the radial and
hoop stress for MTNZ-Hardening and MTMS-Hardening scenarios during cement
hardening. The cement is approximately at a stress-free state at the beginning of
hardening. Then, during the 48 hours’ hardening, the radial stress becomes -3.8 MPa and
-0.7 MPa for MTNZ-Hardening and MTMS-Hardening, respectively. The hoop stress
decreases to -5.65 MPa and -3.2 MPa for MTNZ-Hardening and MTMS-Hardening,
respectively. Debonding occurs 12 hours after cementing at the cement-formation
interface in both scenarios. Contact pressure at the cement-formation interface decreases
to -1.75 MPa and -1.62 MPa for MTNZ-Hardening and MTMS-Hardening, respectively.
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The final resulting micro-annulus aperture is 20.6 pm and 19 pm for MTNZHardening and MTMS-Hardening, respectively.
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Figure 7.7 Simulation results after cement hardening. (a) Radial and hoop stress for
MTNZ and MTMS scenarios. (b) Resulting contact pressure and debonding aperture at
the cement-formation interface for MTNZ and MTMS scenarios.
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7.3.2. For Pressure Testing. Figure 7.8 shows the Von Mise stress and
equivalent plastic strain (PEEQ) varying with inner casing pressure for MTNZPressureTesting during the pressure testing (pulse testing). Shear failure occurs in
MTNZ-PressureTesting at an inner casing pressure of 20 MPa but not occurs in MTMSPressureTesting. During the pressurization, Von Mises stress becomes 8.9 MPa and 6
MPa for MTNZ-Hardening and MTMS-Hardening, respectively. At the maximum inner
casing pressure, the equivalent plastic strain reaches 12.7X10"5, and the damaged region
is illustrated in Figure 7.7b. It can be observed that the entire “bump” structure at the
cement sheath is damaged by the excessive inner casing pressure during the pulse testing.
7.3.3. For Thermal Cycling. Figure 7.9 shows the variations of the debonding
aperture and contact pressure for MTNZ-PressureTesting during the thermal cycling
(heating test). As is shown in the red line in Figure 7.8, three heating stages are
implemented to heat the inner casing from 20 °C to 50 °C, from 50 °C to 60 °C, and from
60 °C to 70 °C. For both MTNZ-ThemralCycling and MTMS-ThemralCycling, the
thermal stress induced by the three heating stages is 21.5 MPa, 6 MPa, and 4 MPa,
respectively. Also, for both cases, the micro-annulus developed during the cement
hardening are closed by the compressional thermal stress resulted by heating during the
first heating stage. Moreover, the micro-annulus at the cement-formation interface
remains closed during the entire heating test for both cases. It can be observed that the
variation of both contact pressure and the micro-annulus aperture vary at the same
tendency for the two cases, both quantitatively and chronically, after the drastic variation
of the applied temperature.

125

MTNZ-ftessureTesting, Von Mises stress
MTNZ-PressureTestmg, Equivalent plastic strain
MTMS-Pressure!estrng, Von Mises stress

Inner casing pressure (MPa)

Figure 7.8 Simulation results for the pressure testing (pulse testing) step. (a) Von Mises
stress variation with inner casing pressure for MTNZ-PressureTesing and MTMSPressureTesing, and the equivalent plastic strain (PEEQ) varying with inner casing
pressure for MTNZ-PressureTesing. (b) Illustration of the damaged region at the cement
sheath.
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Figure 7.9 Simulation results of the thermal cycling (heating test) step. (a) The variation
of contact pressure at the cement-formation interface for MTNZ-ThermalCycling and
MTMS-ThermalCycling. (b) The variation of debonding aperture at the cementformation interface for MTNZ-ThermalCycling and MTMS-ThermalCycling.

7.4. DISCUSSION AND SUMMARY
The numerical results indicate that the integrity of the Mont Terri injection well is
compromised by the cement hardening, pressure testing, and thermal cycling processes.
The cement cured under downhole conditions of the Mont Terri injection well cannot act
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as a stable barrier to prevent the leakage of the injection fluid. Several major points in
terms of failure occurrence and can be interpreted from the numerical results:
•

The major failure type occurs during cement hardening is debonding failure at the
cement-formation interface. Lacking initial compressional stress and excessive
shrinkage of the neat class G cement are main contributors to the failure
occurrence. Overcoring observations shown in Figure 7.10a are in agreement with
the numerical prediction. Severe and systematic debonding is observed at the
cement-formation interface.

•

Shear failure occurs at the “bump” structure of the cement sheath during the
pressure test. Excessive inner casing pressure induces stress concentration at the
bump region, which can damage the cement sheath and contribute to the long
term casing erosion. Overcoring observations shown in Figure 7.10b are in
agreement with the numerical results. Severe cement damage and casing erosion
occurred at the region adjacent to the injection nozzle.

•

Heating or injecting high-temperature fluid contributes to the closure of the
micro-annulus at the cement-formation interface. Reduction of annular
permeability after injecting high-temperature fluid into the wellbore is observed
during the field tests, which is also in agreement with the numerical prediction by
this study.

•

Detailed quantitative calibration and comparison need to be performed once the
overcoring operation in the Mont Terri site is fully completed and CT scan results
for the micro-annulus aperture is obtained.
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Figure 7.10 Observation from the overcored wellbore system. a) The interface between
the cement sheath and the formation rock (Opalinus Clay); b) The interface between the
casing (the injection string) and the cement sheath.

In summary, the cement used for the cementing step is of vital importance to
wellbore integrity during the life cycle of the well. Downhole conditions should be
considered as a primary guide for the selection of the cement system. For new wells
going to be drilled in Mont Terri rock laboratory or similar conditions, several
suggestions can be provided based on the numerical results:
•

Fluid loss control agents should be added into the cement to inhibit the fluid loss
at the early stage to guarantee the hydration reaction of cement has enough water
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supply, thus making sure the cement develops the desired mechanical
properties and reduces the likelihood of failure occurrence.
•

Extra hydrostatic pressure is suggested to maintained at the annular during cement
hardening to increase the compressional stress in the cement, to inhibit the onset
of tensile failures (debonding and cracking), and to improve the bonding quality
at interfaces (De Andrade et al. 2015). In addition, like the cement sample shown
in Figure 3.8, air bubbles entered the cement slurry during mixing and grouting
will remain in the hardened cement matrix, which may act as “weak points” and
can significantly reduce the strength of the cement. Adding extra pressure to the
cement slurry is an effective method to mitigate the influence of air bubbles.

•

Expansive cement can be used for cementing the shallow section of the wellbore.
The expansive agents can provide extra compression during the cement
hardening, counteract with the tensile stress from cement shrinkage, and thus
inhibit the onset of tensile failures (i.e., debonding failure and radial cracks).

•

Injecting fluid with a higher temperature can be considered. Injection of the fluid
that has a temperature higher than the formation temperature can add extra
thermal stresses at the cement-formation interface, which can further close the
micro-annulus and promote wellbore integrity. However, a very rapid increase of
the injection fluid temperature can induce thermal shock (e.g., peaks of the
contact pressure curve in Figure 7.9a) which may further induce shear failure in
cement and formation rock. Hence, the temperature of the injection fluid should
be increased slowly to avoid the thermal shock.
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8. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

8.1. SUMMARY
In summary, a MA initiates due to two major mechanisms that are related to loads
during operations: a) due to localized shear failure at the inner cement sheath induced by
excessive inner casing pressure; b) due to debonding failure induced by injection related
cooling. In order to evaluate these two mechanisms and the factors contributing to MA
occurrence, the various downhole scenarios presented in Table 2 are compared and
evaluated with respect to the required maximum inner casing pressure, Ptolerance,
necessary to initiate shear failure (Figure 18a), and the necessary temperature drop
necessary to initiate debonding during injection related cooling (Figure 8.1b).
With respect to Ptolerance, Figure 8.1a shows that:
•

The poro-elastic bulk shrinkage coefficient is a significant parameter. Smaller
magnitudes of s (i.e., a smaller degree of poro-elastic volumetric shrinkage) result
in a lower magnitude of differential stress and thus a higher Ptolerance can be
sustained; hence, the less the cement shrinks, the better the cement integrity.

•

Cement pore pressure decrease during hardening has a minor influence Ptolerance.
From 0% to 100% of the cement pore pressure decrease, Ptolerance only increases
from 28.1 MPa to 37.2 MPa.

•

Temperature fluctuations during the hardening process decreases Ptolerance from 30
MPa (SDCS- BaseCase-PTesting) to 23.4 MPa, as the cooling effect during the
later stage of the hardening step increases the differential stress. This observation
is significant as the cement is weakened. Since the numerical simulation of this
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process is based on a qualitative adaptation, representative quantitative
measurements under downhole conditions are recommended.
•

Cement integrity increases with increasing depth.
With respect to the required temperature drop to initiate debonding, Figure 8.1b

shows that:
•

The poro-elastic bulk shrinkage coefficient also affects the tolerance of the system
against debonding due injection-related cooling. For s=0, 0.25, and 0.5, debonding
occurs at the cement-formation interface after a temperature decrease of 112 °C,
68 °C, and 10°C, respectively. Higher temperature differences during cooling can
be sustained for cement bulk shrinkage; hence, the lower the cement shrinks, the
better the cement integrity.

•

The cement pore pressure decrease has a significant influence on the tolerance of
the system against the injection-related cooling. For pore pressure decrease of 20%,
50%, 75%, and 100%, debonding occurs at the cement-formation interface after the
temperature decrease of 10 °C, 44 °C, 75 °C, and 103C. I.e., if cement pore pressure
decreases more, higher temperature differences can be sustained. Since quantitative
measurements of cement pore pressure evolution for downhole conditions are not
publicly available, further research efforts in this direction are recommended.

•

Temperature fluctuations promote the initiation of debonding failure. This is due to
the cooling effect occurring during the hardening step, which induces tensile
thermal stresses and decreases the contact pressure at the cement-formation
interface. Ignoring cement temperature fluctuation may lead to the underestimation
of MA occurrence and resulting MA aperture. This factor is important when the
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contact pressure at the interface is close to debonding, but it is not enough to
initiate MA at the interface under large compression by itself.
•

Cement integrity increases with increasing depth.
It can be summarized that for shear failure due to excessive inner casing pressure,

i.e., the MA initiates at the casing-cement interface, the poro-elastic bulk shrinkage
coefficient (s) is the crucial factor, with the cement temperature fluctuations and pore
pressure decrease during hardening also having significant influence. For tensile
debonding failure at the cement-formation interface due to injection-related cooling, the
poro-elastic bulk shrinkage coefficient (s), and the cement pore pressure decrease during
hardening are the critical factors, temperature fluctuation and simulating depth also have
significant influence. It is necessary to measure the cement properties under downhole
conditions thus to obtain representative and accurate measurements of cement pore
pressure. In addition, a low Young’s modulus in the cement can effectively inhibit the
occurrence of shear and tensile failure under excessive inner casing pressure and reduce
the likelihood of debonding failure occurrence under injection-related cooling.

8.2. SUGGESTION FOR FUTURE WORK
In this section, suggestions for future work are presented. This work can be extended
along several directions to promote the understanding of wellbore integrity.
8.2.1. Extension of the Existing Laboratory Setups. On the basis of the current
experimental setups, a further investigation of cement-rock interaction can be performed.
As is shown in Figure 8.2, a rock sheath and a steel pipe can be placed into the pressure
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vessel, and cement slurry can be injected into the annular space between the pipe and
rock sheath.
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conditions scenarios. (b) The temperature decrease required to initiate MA during
injection related cooling for staged downhole conditions scenarios.
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The cement slurry can be cured under the pressure, temperature, and water
supply of the downhole conditions. Instead of directly interacting with the cement, the
external water is accessed to the cement through a rock sheath, which significantly
increases the realistic representation of the setup. Subsequent push-out tests and
mechanical tests can be performed to obtain the interfacial bond parameters and
mechanical parameters, respectively.

Figure 8.2 Laboratory setups to cure a casing-cement-formation system under downhole
conditions.

8.2.2. Better Characterize the Cement in Mont Terri Injection Well. For the
further investigation of the Mont Terri Project, a systematic laboratory test, including the
cement sample curing, testing, and numerical adaptation, can be performed. The cement
sample curing process fully considers the downhole conditions of the Mont Terri
injection well. The fluid loss at the early stage of the cement hardening should be
significant due to the Opalinus clay formation containing a considerable amount of
fractures. The external water supply from the formation should be absent at a later stage
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of the cement hardening since the entire injection well is above the local water table.
Since no additive is mixed in the cement and the cement slurry is directly poured into the
annular space of the injection well, the neat class G cement may contain air bubbles, and
these air bubbles can significantly promote the onset of radial cracks and shear failure. A
special mold is designed to allow the free water (filtration) to escape from the cement
slurry at the early stage. Ultrasonic and mechanical tests will be performed to the cement
sample, which will mainly improve the accuracy of the existing numerical models,
especially for the prediction of shear failure.
8.2.3.

Better Characterization of the Parameter of Poroelastic Bulk

Shrinkage. A series of tests can be performed to better characterize the parameter of
poroelastic bulk shrinkage and to better quantify the poroelastic proportion of the total
bulk shrinkage. As is shown in the sketch design in Figure 8.3, the cement slurry is
injected in the annular between two PVC pipes, which has been pre-installed a network
of fiber optic sensors. A series of strain sensors are installed at the inner surface of the
inner pipe and outer surface of the outer pipe. The entire system can be placed into the
pressure vessel, which ensures the system is cured under downhole conditions. The strain
throughout the cement body can be measured in real-time, and the state of stress in the
cement can be calculated using the strain measurements in the cement body and at inner
and outer pipes. Moreover, the strain measured by fiber optic sensors within the cement
body can also provide the volumetric shrinkage of cement. Hence, a temporal correlation
between the cement shrinkage and the state of stress in the cement can be obtained, and
the proportion of the poroelastic shrinkage can be further calculated.
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Figure 8.3 The sketch of the setup (mold) to investigate poroelastic bulk shrinkage under
downhole conditions.

APPENDIX A.
THE COMPOSITION OF CEMENT USED IN LABORATORY TEST
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Chemical properties

CalPortland Class G

Silicon dioxide (SiO2), %

21.2

Aluminum oxide (Al2O3), max, %

4.1

Ferric oxide, (Fe2O3), max, %

3.7

Calcium oxide (CaO), %

63.4

Magnesium oxide (MgO), max, %

2.4

Sulfur trioxide (SO3), max, %

2.3

Insoluble residue (IR), max, %

0.11

Alkalies (Na2O+0.658*K2O), max, %

0.56

Tricalcium silicate (C3S), %

56

Dicalcium silicate (C2 S), %

19

Tricalcium aluminate (C3A), max, %

5

Tetracalcium aluminoferrite (C4AF), %

11

Physical properties

CalPortland Class G

Free Fluid (conical flask), max, %

4.2

Thickening Time (Schedule 5), minutes

92

Compressive Strength (8hrs), psi
100 °F

670

140 °F

1930

Maximum consistency, 5-30min(Bc), max

11

Blaine Fineness, min, m2/kg

318

Passing 45 pm (#325) sieve, %

92.6

Apparatus and methods used in this laboratory have been checked by the Cement
and Concrete Reference Laboratory of the National Institute of Standards and
Technology. Major oxides are analyzed in accordance with ASTM C114. All parameters
satisfy the requirement of Class G cement based on API 10A.

APPENDIX B.
PRESSURE AND TEMPERATURE RECORDING OF PRESSURE AND
HEATING TESTs OF THE MONT TERRI CO2 INJECTION WELL
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Figure B.1 The pressure records during the pulse test. The blue line is the pressure
applied on injection nozzles.

Figure B.2 The temperature and the corresponding pressure records during the heating
test. The red curve in the upper figure represent the temperature applied to the injection
string.
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